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Abstract
Abundant cellulose in the secondary cell walls of lignocellulosic biomass provides an
alternative source of carbohydrates for ethanol production. However, low efficiency and
high cost of conversion of cellulose to glucose prevents the large-scale production of
economically viable cellulosic ethanol. Expression of glycosyl hydrolases in plants has been
proposed as an ideal replacement for current microbial-cellulase production in order to
reduce the investment cost of hydrolases for ethanol production.
In this thesis, a hyperthermophilic endoglucanase, TnCelB, was expressed in hybrid
poplar. The transgenic event with highest TnCelB expression level had reduced lignin
content, cellulose crystallinity, and resultant more digestible cell wall. Post-harvest heat
treatment improved saccharification efficiencies n transgenic poplar events. In the third
chapter, a plant expansin-like non-hydrolytic protein, swollenin, was expressed in hybrid
poplar. Enhanced saccharification efficiencies were observed from transgenic events. These
two case studies confirmed the advantages of producing cell wall degrading enzymes in
lignocellulosic biomass for ethanol production from various aspects However, defective
plant growth and development was seen in transgenic events in which either enzyme,
TnCelB or swollenin was highly expressed. Therefore, inducible hyperexpression systems
are required for efficient expression of in planta cell wall degrading enzymes. For this
purpose, In Plant ACTivation (INPACT) technology, an inducible, hyperexpression platform,
was evaluated in poplar, but failed to drive the extreme expression necessary for
application of INPACT in poplar. However, ways forward have been identified to improve
this system for implementation in poplar.

With current conventional overexpression technologies, detrimental effects from
destructive enzymes on plant hosts are still unconquered challenges for generating ideal
biomass. In order to utilize transgenic biomass to produce economically competitive
lignocellulosic ethanol, multiple factors including hydrolytic enzymes, overexpression
technology, and downstream processes need to be optimized. Endeavors from numerous
fields, including molecular biology, chemical engineering, are required to achieve affordable
lignocellulosic ethanol.
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Chapter 1. Cost-competitive biofuels: Expression of
glycosyl hydrolases in lignocellulosic feedstock
1.1 Introduction
Growing energy consumption and declining fossil fuel supply are critical energy
issues facing the global population. Fossil fuel combustion unavoidably produces
greenhouse gases such as CO2 and methane ultimately affecting the global climate [1];
uneven distribution of energy supplies among countries and huge global energy demands
lead to energy security problems [2]. Environmental and national security concerns, as well
as a clear limitation in resources, drive the need for prompt development of sustainable
alternative energy resources.
One such alternative resource, in the form of plant derived liquid fuel, has been
gaining increasing attention from government, industry and academia [3]. Biofuels
produced from the fermentation of plant-derived sugars provide a renewable source for
fossil fuel supplementation [4]. Sources of fermentable sugars from plants are classified into
two categories. First generation biofuels are derived primarily from food crops such as corn
and sugarcane. Large-scale use of the starch and sugar from these crops for energy
production contributes to a perceived conflict with food production. Second generation
biofuels are produced from nonfood lignocellulosic biomass, from sources including
dedicated bioenergy crops and agricultural residues. Theoretically, lignocellulosic biofuels
have advantages over first generation biofuels in that they avoid the use of a food crop and
source a much larger spectrum of biomass [5]. However, challenges remain in the large
scale production of second generation biofuels, mainly due to the recalcitrance of the plant
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cell wall. There are no cost-effective technologies currently available to break down
complex cell wall structures to release fermentable sugars [5]. Among all companies
around the world involving in cellulosic ethanol production, Raizen has the lowest
projected minimum ethanol selling price at $2.17/ gallon (Lux Research;
http://www.luxresearchinc.com/), which is higher than the corn ethanol price of
$1.5/gallon in 2015 (Fuel ethanol, corn and gasoline prices, by month; United States
Department of Agriculture Economic Research Service; http://www.ers.usda.gov/).
Despite a goal of 21 billion gallons of biofuels from non-cornstarch sources by 2022
[6], only 33 million gallons of cellulosic biofuel was produced in 2014 in the United States
(2014 Renewable Fuel Standard data from United States Environmental Protection Agency;
www.epa.gov). This falls far below the anticipated industry growth rate that is required to
achieve the mandated target. Indeed even globally the challenge of meeting renewable fuel
goals is so far unattainable, and it is questionable whether these goals will achieve the
attempt to limit climate change to less than 2°C [7].
Despite abundant biomass availability, there are a number of economic challenges
associated with lignocellulosic fuel production. These challenges arise as a result of the
complexity of lignocellulose. There are three major components in lignocellulosic biomass:
cellulose, hemicellulose, and lignin [8]. Cellulose is a homo-polysaccharide consisting of
glucose linked by β-1, 4- glycosidic bonds. The linear cellulose chains form a crystalline
microfibril structure through internal and external hydrogen bonds. Hemicelluloses are
complex heterogeneous polysaccharides composed of various types of monomer sugars
including glucose, xylose, mannose, arabinose, galactose, and glucuronic acid. There are a
variety of hemicelluloses dependent on plant species and tissue type [9]. In some
hemicellulose structures, the side residues are methylated or acetylated. The third major
component in lignocellulose, lignin, is composed of three aromatic monomers2

guaiacyl monomers (G lignin), syringyl monomers (S-lignin), and phydroxyphenyl monomers (H-lignin). The cellulose microfibrils are embedded in a matrix of
lignin and hemicellulose, which blocks the access of enzymes to cellulose [10]. Many of the
challenges associated with the break down of the cell wall for biofuels production are
directly attributable to the complexity of the wall structure.
One of the significant costs associated with the break down and utilization of
lignocellulosic biomass is that of the enzymes required for the hydrolysis of cellulose to
fermentable glucose [11,12]. Three classes of cellulases work synergistically to break down
cellulose into glucose. Endo-1,4-β-glucanases (EC 3.2.1.4) hydrolyze internal β-1,4glycosidic bonds randomly and cleave long cellulose chain into small fragments; exo-1,4-βglucanases (EC 3.2.1.91) release cellobiose units from the chain ends; β-glucosidase (EC.
3.2.1.91) hydrolyzes cellobiose and cello-oligosaccharides to release glucose monomers
[13]. In addition, xylanases and other accessory enzymes such as acetyl xylan esterase and
ferulic esterase, hydrolyze xylan, which in many species is the most abundant hemicellulose
component [14]. These accessory enzymes significantly enhance the performance of
cellulases and improve enzymatic hydrolysis [15-17]. Currently, cell wall hydrolytic
enzymes are produced for commercial purposes in microorganisms, including bacteria such
as Bacillus subtilis [18] and fungal systems such as Trichoderma reesei [19]. Commercial
enzymes produced using these systems continue to be expensive for commercial
lignocellulosic ethanol production to become cost-competitive with fossil fuels [20,21];
commercial cellulase costs were identified as a key driver in keeping ethanol price below
minimal profit point and alternative cellulase production is suggested as a solution.
Strategies to overcome this barrier during biomass production are essential for increasing
biofuel yields and reducing production cost.
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While extensive research is focused on enhancing these enzymes and their
production systems [19,21,22], an alternative platform has been identified: the production
of cell wall degrading enzymes in planta [23]. Expression of recombinant proteins in plants
holds numerous advantages over microbe-expression systems including production scaleup and compatible eukaryotic post-translational modification [24,25]. Microbial enzyme
production requires large capital investment and constant production-monitoring [26]. In
addition, hydrolytic enzymes produced from microbe expression platforms often exhibit
low activity due to differing post-translational processes from that of the original organism
[27]. Even the use of eukaryotic fungal hosts can be problematic for production of correctly
glycosylated enzymes whose function and activity is highly dependent on post-translation
modification. For example, overexpression of Trichoderma reesei cellobiohydrolase Cel7A in
Aspergillus niger resulted in an over-glycosylated version of the protein with a resultant low
enzymatic activity towards known substrates [28]. However, Cel7A was successfully
expressed in maize and shown to retain its activity [29].
Several studies have been carried out that support the development of plant-based
enzyme production. These include studies showing expression levels up to 26% total
soluble protein (TSP) in Arabidopsis and 50% TSP in tobacco leaves [29-37]. While there is
potential for high-level enzyme production in these plant systems, the expression of cell
wall degrading enzymes in the biomass of the lignocellulosic feedstocks themselves has
added advantages [38]. Production of enzymes in the biomass feedstock would allow one
crop to serve as both an enzyme provider and a biomass substrate for enzymatic
saccharification.
Several plant species have been identified as potential commercial lignocellulosic
bioenergy crops. These crops have common advantageous traits including producing large
amounts of biomass in a short time period, having established maintenance and
4

management systems, and playing a limited role as food [39]. For instance, seeds of
traditional cereal crops can be used for food, while the remaining biomass can be utilized
for ethanol production [40]. Currently, many agricultural crops such as corn and rice
produce vast amounts of lignocellulosic material that is mainly disposed of by burning or
left on the field after harvest [41]. While some material, such as sugarcane bagasse post
sugar extraction, is used to produce electricity [42], there is evidence that the further
utilization of these agricultural residues to produce ethanol or other liquid transport fuels
would add tremendous value to modern agricultural production [43]. In addition, dedicated
feedstocks exist that could be grown as crops for the purpose of biofuels production. Tree
species, such as poplar and willow, could be planted as biomass crops on marginal land.
These trees share characteristics, such as fast growth rate, easy propagation, and high
biomass production in a short time, that make them suitable as bioenergy crops [44,45].
Perennial grasses such as switchgrass, reed canary grass, Napier grass, and Bermuda grass
have low fertilizer requirements and established management systems, making them
suitable for the production of biomass for biofuels [46].
Expressing cell wall degrading enzymes in the biofuels feedstock itself has
promising potential for reducing the cost of lignocellulosic ethanol production (Fig. 1). Here
we describe three scenarios for plants producing high levels of cellulolytic enzymes. The
‘basic scenario’ is to directly utilize transgenic feedstocks as enzymes providers. Enzymes
extracted from transgenic plants will be added to reactors for cellulose hydrolysis. Plant
expressed glycosyl hydrolases will complement exogenous cellulases and hemicellulases.
An improvement over this is the ‘advanced scenario’, in which hyperthermophilic
glycosyl hydrolases are expressed in the biofuel crop itself. Hyperthermophilic enzymes will
be activated at high temperature, during pretreatment, allowing enzymatic saccharification
and pretreatment to be conducted in the same reactor [38]. In both scenarios (basic and
5

advanced), reduced amounts of microbe produced exogenous cellulases and hemicellulases
will be required to release equivalent amounts of fermentable sugars. The expression levels
and diversity of glycosyl hydrolases in planta would determine the amount of exogenous
enzyme loading required.
The final scenario, or the ‘ideal scenario’, would see exogenous enzymes completely
replaced with feedstock-derived enzymes, requiring the enzymes be produced at a high
enough level and with the variety of enzymes required for enzymatic saccharification. The
‘ideal scenario’ would allow for pretreatment, saccharification and fermentation in a single
reactor, requiring both thermophilic enzymes and thermophilic fermentation
microorganisms. This scenario will also require work to resolve technical issues such as
removal of inhibitory compounds and utilization of non-fermented chemicals. In addition, it
will require field validated high level expression of glycosyl hydrolases in biofuel crops.

1.2 Expression of glycosyl hydrolases in plants
The expression of enzymes in plants has improved significantly during the last
two decades, both in terms of expression levels and activity. While early on Ziegler et al.
(2000), produced an Arabidopsis line with 26% of the TSP being attributed to the
overexpression of catalytic domains of an Acidothermus cellulolyticus endoglucanase
targeted to the apoplast, there have been few studies that have been able to replicate such
success. The high expression level in this study was attributed to several cis-elements,
specifically the cauliflower mosaic virus 35S promoter, the tobacco mosaic virus Ω
translational enhancer, the polyadenylation signal sequence and the apoplast target
sequence [37]. Other studies have obtained moderate levels of recombinant protein by
using seed-specific promoters to drive expression in the endosperm. Acidothermus
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cellulolyticus endoglucanases were accumulated to over 16% seed TSP in maize seed
[29]. These levels of expression have also been shown to be stable over generations [34].
Despite these successes, in order for the expression of enzymes in planta to be effective,
significantly higher expression levels are required or the enzymes must be produced more
universally throughout the plant to increase per plant enzyme production.
1.2.1 Strategies to increase expression level of glycolytic enzymes in plants
With growing interest in the area of in planta heterologous protein expression,
strategies and technologies to enhance expression levels have become more prevalent.
Regulation of in planta hydrolytic enzyme expression involves transcriptional, posttranscriptional, translational, and post-translational processing modification steps [25], and
each of these provides an opportunity for improving in planta expression.
Perhaps the most direct target for modification is the DNA sequence of the
hydrolytic enzyme to be overexpressed. All current hydrolytic proteins proposed for
lignocellulosic ethanol production are from microorganisms, which have distinctive codon
optimization compared to that of plants. Codon usage bias has been shown to affect protein
expression in non-origin hosts, with codon optimization of genes for the host species
resulting in improved expression levels [47]. For example, when the Bacillus
thuringiensis insect control protein gene was codon optimized for expression in tobacco and
tomato, in planta recombinant protein expression level was increased by 100 fold [48].
Synthetic genes codon optimized for their target species, have been used for the in planta
expression of glycosyl hydrolases to achieve high expression levels [29,49]. Although there
is no direct comparison in literature between in planta expression of codon-optimized
versus non codon-optimized hydrolytic enzymes, evidence from previous studies support
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the use of codon optimized genes for improved expression level of hydrolytic enzymes in
planta [48,50].
During the last decade, numerous cis-elements have been evaluated for their ability
to enhance expression levels of transgenes [51]. One of the most essential cis-elements is
the promoter chosen for gene expression. For the purpose of this paper we characterize
promoters into the following three categories: constitutive, tissue-specific and inducible
[52]. Each category of promoter has been used to drive glycosyl hydrolases expression,
which is reviewed in [25].
The cauliflower mosaic virus 35S promoter is the most studied constitutive
promoter in dicot plants, and has been widely used to express hydrolytic enzymes
[31,37,53]. Expression levels of up to 26% TSP in Arabidopsis have been achieved with this
promoter. The synthetic Mac promoter is another commonly used constitutive promoter for
hydrolytic protein production in various plant species including tobacco, potato, rice,
sugarcane, and alfalfa [54-56]. Expression levels comparable to that of 35S have been
achieved.
Tissue-specific promoters have also been used for in planta glycosyl hydrolase
expression. The maize globulin-1 promoter and the rice glutelin promoters, targeting the
seed/endosperm, have been used to drive expression of hydrolytic enzymes in corn kernels
and rice grain [29,35,49,57]. Tissue specific levels of expression up to 16% TSP of
Acidothermus cellulolyticus endoglucanase in maize have been achieved using these
promoters [29]. The green tissue specific promoter from the rubisco small subunit (rbcS)
has also been successfully used for expression of cellulases [30,58] with TSP levels of 5.2 %
in tobacco. Tissue specific heterologous enzyme expression has certain conveniences for
plant processing, including stability and convenience of harvest. Research on hydrolase
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expression in corn kernels and rice grains have shown that enzyme activities were stable
during post-harvest storage [49,57]. Hydrolytic enzymes can be harvested simultaneously
with biomass substrate if they are expressed in leaf tissue providing some benefits for
cellulosic ethanol production.
Inducible promoters are activated by the application of specific inducers including
environmental signals and applied chemicals. As a result, they provide additional benefits
for in planta glycosyl hydrolase expression, including reduced deleterious effects of
hydrolytic enzymes on the plant hosts and controlled timing of expression. By taking
advantage of the knowledge produced in the past two decades, expression of glycosyl
hydrolases in planta could be targeted to specific plant organs and controlled in terms of
timing by utilizing specific promoters and targeting sequences available for recombinant
protein expression in plants. So far, there is no systematic comparison among the ability of
different types of promoters for overexpression of recombinant proteins in plants. While
there is variability, some studies have shown that tissue specific promoters drive higher
expression than constitutive promoters in potato [30]; and the CaMV 35S promoter leads
more to protein production than the ethanol inducible promoter [60].
In addition to promoters, other cis-elements including untranslated leaders (UTLs)
are essential for recombinant protein expression in planta, as they contribute to stability of
the transcript and efficiency of translation initiation [61]. 5` untranslated leader sequences
are presumed to bind to 40S ribosomal subunits, which migrate and recognize the start
codon for translation [62]. A synthetic 5` UTL from Alfalfa Mosaic Virus (AMV) RNA has
been evaluated and confirmed to boost expression level of recombinant proteins in plants
[63,64]. AMV 5` UTLs have also been used to improve expression of endoglucanase in both
potato and tobacco [54,59].
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An alternative approach that has resulted in high expression levels of recombinant
proteins in planta is plastid transformation [65]. Plastid transformation takes advantage of
the large number of multi-genome plastids in a plant cell [66,67]. After integration of the
desired genes into the plastid genome, genes of interest will replicate during plastid
replication and cell division, resulting in the desired gene being highly transcribed and the
desired protein produced at a high level. Integration of glycosyl hydrolase genes from
Thermotoga maritime into the chloroplast genome of tobacco resulted in expression levels
up to 9% TSP [68].
The utilization of DNA regulatory elements and advanced plant transformation
technology has provided proof of concept for high level glycosyl hydrolase expression in
plants. These results inform future work into the area of high level cellulase expression in
biofuel feedstocks.

1.2.2 Strategies to prevent harmful effects of glycosyl hydrolase expression on
plant hosts
Cellulose and surrounding hemicellulose are essential components of the plant cell
wall. These structural polysaccharides, the source of carbohydrates for biofuels production,
are essential for normal plant growth and development; it is key that when expressing the
hydrolytic enzymes responsible for their break down that normal plant development is not
adversely effected. There are a number of examples in which transgenic plants
overexpressing hydrolases show reduced growth and abnormal physiological phenotypes
including stunted growth and reduced fertility [60,69,70]. Specific examples include
transgenic tobacco expressing mesophilic glycosyl hydrolases having shorter stems,
delayed flowering, and decreased cellulose levels [60] and thermostable cellulolytic enzyme
expression in the chloroplast rendering severe pigment deficiency to tobacco plants
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resulting in insufficient photosynthesis and slow growth [69]. To avoid these detrimental
effects, several strategies have been used for in planta hydrolytic enzyme production.
Temporal separation of enzyme production and plant growth can prevent the
negative effects of hydrolases on plants [71]. The use of inducible expression systems
allows for regulation of expression such that proteins are only produced in the presence of a
chemical or environmental signal. Ideal inducible systems result in high expression after
specific induction and have no expression prior to induction. In addition, inducing
chemicals should be environmentally benign, and economical both in terms of production
and application. Based on the above criteria, suitable inducers for large scale in planta
hydrolase production may include ethanol [60,72] and post-harvest heat inducible
platforms [73], or developmental signals including senescence [74,75]. These inducible
expression systems would avoid problems associated with the cellulolytic activities toward
the plant cell wall.
Organelle targeting is an alternative approach that allows high enzyme expression
with low plant growth penalty. Subcellular organelle targeting is accomplished by applying
specific target peptides attached to the proteins’ C- or N- terminus. Studies show that
targeting enzymes to subcellular organelles including the apoplast, endoplasmic reticulum
and vacuole resulted in increased accumulation and stability of glycosyl hydrolases
[29,31,54] without a reduction in growth or altered development [31,56]. For example,
apoplast targeted Acidothermus cellulolyticus endoglucanase resulted in protein
accumulating to more than 100 fold more than non-targeted cytosolic expression [31].
Similarly, targeting Trichoderma reesei cellobiohydrolase I (CBH I) to the cell wall in maize
kernels resulted in accumulation to more than 16% TSP [29]. Besides achieving
hyperexpression of recombinant hydrolytic proteins, subcellular organelle targeting also
prevents interference from heterologous proteins.
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An additional technology that allows for high level expression of cellulolytic
enzymes in plants without detriment to growth and development is the use of enzymes
from thermophilic sources. Thermophilic cell wall degrading enzymes with optimal
temperatures over 50°C can be expressed in plants without disrupting cell wall integrity
because they tend to perform poorly in normal plant growth conditions [76]. Hydrolases
from thermophilic microorganisms such as Acidothermus cellulolyticus and
Thermomonospora fusca, which are able to hydrolyze cellulose at high temperatures (81°C
and 75°C respectively), have been produced in various plant species with no harmful effects
[37,56,77-79], but still having the desired effect of improving the ease of break down of
plant material after harvest. Moreover, thermophilic enzymes are activated during postharvest processing providing more advantages and applications in cellulosic ethanol
production including simplifying processing and reducing exogenous enzymes loading [38].
Although high enzyme expression has been achieved in Arabidopsis and tobacco,
their poor feasibility for biofuel production excludes them from being plant hosts for cell
wall degrading enzymes in the context of the ‘ideal scenario’ (Figure 1). Lignocellulosic
feedstocks are more suitable as hosts for hydrolytic enzyme production as they can not only
be the source of the hydrolytic enzymes, but also serve as the source of the cellulosic
biomass to be reduced to fermentable sugars. During ethanol production, enzymes
expressed in the lignocellulosic biomass can reduce, or even obviate, the addition of
expensive glycosyl hydrolases. Currently however, most of the research on high-level
hydrolytic enzyme expression focuses on the Arabidopsis and tobacco rather than
lignocellulosic biomass. Without applying the strategies discussed above to lignocellulosic
feedstocks, in planta glycosyl hydrolases production will be less likely to improve the costefficiency of ethanol production.
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Figure 1. Three scenarios for utilizing feedstock expression glycosyl hydrolases
genes.
In the ‘simple scenario’, proteins are extracted from transgenic feedstock and added to
enzymatic saccharification. In the ‘advanced scenario’, hyperthermophilic enzymes are
produced in bioenergy crops. The feedstock undergoes pretreatment and saccharification
in the same reactor. In the ‘ideal scenario’, hyperthermophilic enzymes are produced in
bioenergy crops and pretreatment, saccharification and fermentation are performed in a
single reactor. There is no additional requirement for exogenous hydrolases.
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1.3 Expression of glycosyl hydrolases in lignocellulosic feedstock
Feedstocks with established genetic modification technology such as maize, rice,
sugarcane, and poplar have been successfully transformed to express cell-wall degrading
enzymes [55,77,79,80]. Several examples of expression of cell wall degrading enzymes in
lignocellulosic biomass feedstock are provided in Table 1. While these examples would
provide appropriate biomass and enzymes for the ‘advanced scenario’ (Figure 1), achieving
levels necessary for the ‘ideal scenario’ will require additional advances.

1.3.1 Lignocellulosic feedstocks are ideal source large amount of recombinant
hydrolytic enzymes production
There is significant evidence that lignocellulosic crops, as a biofactory for glycosyl
hydrolase production, could produce enough enzyme to replace microbial-produced
enzymes, even with only moderate expression levels (TSP) due to the availability of large
amount of lignocellulosic biomass. For instance, 428 million tons dry matter of agricultural
residue are produced every year. This could afford 85,600 tons of enzyme to be produced
from the agricultural residue at the moderate expression level of 1% TSP. Toward this goal,
plant produced enzymes have proven effective in hydrolyzing plant biomass. For example,
plant produced recombinant glycosyl hydrolases can hydrolyze natural cellulosic biomass
such as corn stover and rice straw [69,78]. Furthermore, several studies have shown that
protein extract from glycosyl hydrolase expressing transgenic plants can supplement
exogenous enzymes during enzymatic hydrolysis [56,77,78]. Cellobiohydrolases expressed
in corn were shown to enhance the performance of commercial cellulases in the
degradation of pretreated sugar cane bagasse [83]. In this same study, tap water was used
as a solvent to recover recombinant cellulases from senescent leaf tissue at a rate of 90%.
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Even though there are no commercial plant-derived glycosyl hydrolases at the
current time, plant expressed cellulolytic enzymes hold considerable potential to reduce the
cost of enzymes during saccharification and contribute to affordable lignocellulosic ethanol
[25,88]. Currently, commercial cellulases from Novozymes are reported to contribute to
ethanol price at $0.5/gallon [20]. Onsite cellulase production has been investigated to
replace commercial cellulases and is predicted to reduce the cost of enzyme to $0.34/gallon
[89]. The goal price for enzymes is $0.1/gallon [90].
Production of cellulolytic enzymes in lignocellulosic feedstock could reduce the cost
of enzymes. The cost of producing, extracting, and recovering rice-derived endoglucanases
is currently estimated to be $9.64/kg enzymes ($0.64 /gallon) under the condition that 5%
TSP of endoglucanases is produced from rice straw [77]. Although this estimated cost is still
far higher than the target price ($0.1/gallon), the situation could be improved by increasing
expression of enzymes in planta and decreasing cost of enzyme extraction and recovery.
The price could reduce in half (0.32/gallon) when expression level of enzymes reaches 10%
TSP. More importantly, when plants expressing glycosyl hydrolases serve as a feedstock for
ethanol production, the enzymes produced in planta will be of tremendous additional value,
by removing the cost of exogenous commercial enzymes for ethanol production.

1.3.2 Glycosyl hydrolase expressing plants can have more easily digested cell
wall
Benefits of expressing glycosyl hydrolases in lignocellulosic biomass are not limited
to just that of enzyme production. Importantly, expression of hydrolytic enzymes can result
in modified plant cell wall composition, resulting in improved biomass degradation
[74,75,84,91]. For example, one study reported that in tall fescue expressing fungal ferulic
acid esterase and xylanase, cell wall components changed in a way that the amount of
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esterified cell wall ferulate monomers and dimers, arabinose and xylose, were reduced. The
altered cell wall composition resulted in the release of more fermentable sugars after
enzymatic hydrolysis [75]. Several studies on maize, tall fescue and alfalfa expressing
cellulolytic enzymes reported that transgenic plants have higher glucan conversion than
non-transgenic plants after thermochemical pretreatment and enzymatic digestion
[74,75,85,91,92]. These results indicate that expressing cell wall degrading enzymes in
biomass crops have positive influences on saccharification efficiency, which allows for more
ethanol production.

1.3.3 Utilizing feedstocks expressing glycosyl hydrolases reduces required
severity of pretreatment
Expressing glycosyl hydrolases in lignocellulosic biomass can also result in
transgenic plants requiring less severe pretreatment to remove lignin and render the
cellulose accessible to hydrolysis [91,92]. For example, stover from corn plants expressing
an endocellulase required pretreatment at only 140 °C to result in a saccharification
efficiency comparable to that of wild type material pretreated at 170°C [91]. Currently,
pretreatment utilizes high temperature and/or harsh acidic or alkaline chemicals to break
down the cell wall structure and remove lignin or hemicellulose. Utilization of more mild
pretreatments would reduce the cost of pretreatment, which contributes more than 20% of
the cost of lignocellulosic ethanol production [93]. As a result, expressing cellulolytic
enzymes in the lignocellulosic biomass has a profound influence on the ethanol production
from lignocellulosic feedstock not just in supplying the hydrolytic enzymes, but also in
reducing the cost and severity of required pretreatments.
This previous work on in planta expression of cell wall degrading enzymes has
revealed two major potential benefits for cellulosic ethanol production. First, transgenic
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plants can be used as a molecular biofactory for production of cellulases/hemicellulases for
hydrolyzing lignocellulosic material. Second, when cell wall degrading enzymes are
expressed in the cellulosic feedstock, a reduced amount of hydrolytic enzymes and less
severe pretreatments are required during the cellulosic bioethanol production. Utilizing
transgenic cellulosic crops expressing cellulolytic enzymes as biofuels feedstock could
lower energy and enzyme usage and costs.

1.4 The future of hydrolytic enzyme expression in feedstocks
Despite success achieving moderately high expression levels of hydrolytic enzymes
in multiple biomass feedstocks, with improved saccharification results in some of these
crops, there is still much to be done in order to make autohydrolyzing lignocellulosic crops
a reality. In order to generate real change, there are five hurdles that need to be addressed.

1.4.1 Discover and modify glycosyl hydrolases suitable for condition of
pretreatment
Pretreatment is the key step to alter structure of lignocellulosic biomass and
provide accessible to the cellulose for hydrolysis. Current pretreatment technologies apply
either one or more of heat, acid, alkaline, or organic solvent to disrupt biomass recalcitrance
[94]. Glycosyl hydrolases that can retain their activity and function in these conditions are
essential to the process if pretreatment and saccharification are to be carried out
simultaneously. However, few glycosyl hydrolases have been identified that are compatible
with conditions of pretreatment.
A number of different conditions are combined in pretreatment of lignocellulosic
material. High temperature can be used together with acid or alkaline in a variety of formats
including hot water pretreatment, dilute acid pretreatment and ammonia recycle
percolation pretreatment. Temperatures above 120°C are required during all these
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pretreatment technologies [95]. However, most identified hyperthermophilic glycosyl
hydrolases are functional only up to approximately 100°C at best [96]. The pH of current
acid or alkaline pretreatments is inconsistent with the optimal pH of most glycosyl
hydrolases. For instance, dilute acid pretreatment requires a pH below 2 and lime
pretreatment is above 12 [97,98]. This is well beyond the pH range of most wellcharacterized cellulases and hemicellulases which, in the instances of Trichoderma reesei
and Aspergillus niger, span pH 3.5 to 5.0 [96,99]. Although some glycosyl hydrolases have
been discovered that are tolerant to acidic or alkaline condition [100,101], the value of
these enzymes during lignocellulosic ethanol production has not been assessed.
Organosolve pretreatment reduces severity of temperature and can be conducted
below 100°C [102]. The organic chemicals used during the pretreatment, including ethylene
and glycerol, have negative impacts on glycosyl hydrolases [103]. Recently, some organic
solvent resistant glycosyl hydrolases were discovered and characterized [101,104]. Their
potential during ethanol production is yet to be determined.
Ionic liquid (IL) pretreatment is perhaps the most promising option for combining
with saccharification, due to the low temperature requirement and moderate pH range (4.86.5) [105,106]. Hydrophilic ILs, such as 1-butyl-3-methylimidazolium chloride and 1-allyl-3methylimidazolium chloride are applied to dissolve cellulose. ILs have been tested in
combination with cellulases, with one study showing that cellulases retain 30% activity in
the presence of 10% (v/v) 1,3-dimethylimidazolium dimethylphosphate [106]. Several
glycosyl hydrolases have been discovered to be tolerant to IL treatments [107,108]. These
enzymes are good candidates for in planta expression and transgenic plants could be
processed with IL pretreatment for ethanol production.
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In order to take advantage of plant produced enzymes, the identification of
additional extremophile glycosyl hydrolases is needed. One option is discovery of existing
enzymes, but perhaps a more realistic approach will be the engineering of existing enzymes
to improve function and stability in the various extreme conditions of pretreatment [109].

1.4.2 Cross species differences in phenotypic effects of gene expression
To date, most studies expressing recombinant glycosyl hydrolases have been
performed on plants that are not potential lignocellulosic biomass feedstocks, such as
Arabidopsis and tobacco [30-32,37]. It is worth noting that there are significant differences
between cell wall structure and composition of potential biofuels feedstocks, let alone
differences from model plants. Arabidopsis is distinctive from woody plants in terms of
physiology and genetics [110,111] and has a significantly lower proportion of secondary
cell wall than woody plants [112]. Additionally, the cell wall composition is divergent
between species, whether model species or potential feedstocks [113]. For instance,
xyloglucan is the major hemicellulose in Arabidopsis, while glucuronoarabinoxylan and
glucuronoxylan are predominant in grass and hardwood trees, respectively [114]. It is likely
that glycosyl hydrolase expression in different plant species will result in crop-specific
effects on plant processing during ethanol production. For example, expression of fungal
glucuronyl esterase in Arabidopsis and poplar had different effects on cell wall composition.
Transgenic poplar trees had higher lignin and lower carbohydrate contents than nontransgenic trees [84]. However, when expressing the same heterologous glucuronyl
esterase in Arabidopsis, reduced carbohydrates but similar lignin contents were observed in
transgenic lines compared to wildtypes [115]. While this difference may be the result of
subcellular targeting, the expression of the same gene in different plants has often resulted
in different phenotypic effects [91]. When it comes to sugar release after saccharification
without pretreatment, the transgenic poplar trees produced significantly less carbohydrates
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relative to controls, while the transgenic Arabidopsis released slightly higher amounts of
sugars compared to non-transgenic plants [84,115]
These studies illustrate the effect of differences in cell wall composition and sugar
yield between transgenic plant species expressing the same hydrolytic enzyme. Without
expressing hydrolytic enzymes in the lignocellulosic biomass of interest, it is not possible to
directly translate the results from other species and to determine how hydrolytic enzyme
expression in feedstocks will affect efficiency of ethanol production.

1.4.3 Taking feedstocks through to field trials
To date, there are no reports of field trials of transgenic lignocellulosic feedstocks
expressing glycosyl hydrolases. All published work on glycosyl hydrolase expression has
been carried out under controlled conditions in tissue culture or greenhouse experiments.
Field evaluation is essential for confirmation of positive and negative traits of glycosyl
hydrolase-expressing transgenic feedstocks [116]. These lines must be assessed in the field
to confirm both the maintenance of the desired trait and whether the plants are capable of
enduring biotic and abiotic stresses. This is particularly important as the plant cell wall is
closely associated with plant defense [117,118]. Genes involving lignin biosynthesis have
been found to play important roles in plant defense [119,120]. In Arabidopsis, members of
the cinnamyl alcohol dehydrogenases (CAD) gene family, one of the key genes in lignin
biosynthesis, were induced by pathogen attack. Moreover, cad mutant lines displayed
decreased resistance to pathogens [120]. In addition to differences in pathogen resistance,
plants with modified cell walls can also have altered abiotic stress resistance. Arabidopsis
cinnamoyl-CoA reductase 1 (CCR1) mutants with reduced lignin content were more
sensitive to UV damage [121]. These studies indicate that modifications that alter plant cell
wall composition or structure could cause changes in plant stress-resistance.
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Previous results involving altered expression of lignin biosynthesis genes have
revealed differences between greenhouse-grown and field-grown transgenic biomass
feedstocks with modified cell wall structure. Baucher et. al., (1999) demonstrated that
antisense cinnamyl alcohol dehydrogenase (CAD) alfalfa lines had lower reduction of CAD
activity in the field than in the greenhouse. As a result, field-grown transgenic alfalfa did not
display the same level of increased digestibility observed in greenhouse-grown transgenic
plants [122]. Besides differences in desired traits between greenhouse- and field-grown
transgenic plants, plant growth and survivability can vary between plants grown in these
two environments. CCR down-regulated poplar had reduced growth compared to wildtype
in field studies despite a normal phenotype in greenhouse conditions [123]. Switchgrass
overexpressing PvMYB4 had significantly reduced lignin content and grew well in
greenhouse studies [124]. However, these same transgenic lines did not survive in field
experiments [125]. The evidence implies that phenotype may vary between greenhouse and
field experiments for plants with modified cell walls.
It is impossible to accurately assess financial impacts from feedstock expressing
hydrolytic enzymes on ethanol production without field trials. Field studies of glycosyl
hydrolase expressing transgenic plants are required to determine the capability of
expressing enzymes in lignocellulosic feedstock on reduction cost of ethanol production. As
there is variability between greenhouse and field conditions, it is key to identify lines with
improved characteristics under field conditions, which may be different from the lines with
improved characteristics in the greenhouse.

1.4.4 Scalable technologies
A third challenge involves the use of scalable industrial processing technologies.
While there are a number of studies in which glycosyl hydrolases are expressed in

21

lignocellulosic biomass feedstock, few studies have explored processing of biomass in a
scalable manner to the final product of ethanol. While some studies report the processing of
the transgenic biomass to the point of sugar conversion or ethanol production
[84,91,92,115], overall there is limited data to assess the effectiveness of glycosyl hydrolase
expression on the cost of lignocellulosic ethanol. In order to move forward in a timely
fashion, there needs to be a systematic approach to compare utilization of transgenic
lignocellulosic biomass with non-transgenic biomass for ethanol production from the point
of plant cultivation to the final carbohydrate fermentation to ethanol. A lack of research on
direct processing of whole transgenic feedstock limits our knowledge of the final outcome
of utilizing the glycosyl hydrolase expressing plants for ethanol production.
In vitro digestibility is enhanced in glycosyl hydrolase expressing feedstock to
release more sugar compared to wildtype [75,85]. However, few studies have reported
processing transgenic feedstock using scalable technologies for pretreatment and
saccharification, let alone measuring ethanol yield resultant from fermentation. Exceptions
include Brunecky et al (2011) who demonstrated that transgenic maize expressing the
Acidothermus cellulolyticus endoglucanase (E1) release more sugars than control plants
after 1% sulfuric acid pretreatment and hydrolysis using commercial cellulases [91], and
Zhang et al (2011) who assessed the effect of hydrolytic enzyme expression on ethanol
production after pretreatment, and a simultaneous saccharification and fermentation (SSF)
process [92].
When it comes to industrial production, it is essential to conduct robust investment
analyses of ethanol production from transgenic feedstocks to access the market
competitiveness of ethanol produced from this biomass. While there is still a significant gap
between current technologies and affordable cellulosic ethanol [20], each facet, including
plant maintenance and harvest, pretreatment, enzymatic saccharification, and fermentation,
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needs to be tailored for transgenic feedstock to gain the highest efficiency. These required
steps are interrelated and the processing of biomass through to ethanol production using
scalable technologies is required in order to accurately assess the success of a transgenic
line.

1.4.5 The need for enhanced specialized expression systems
The final challenge lies in the drive for expression of cellulases in lignocellulosic
feedstocks themselves. Achievable expression levels of recombinant cell wall hydrolases
have been improved dramatically through subcellular targeting, synthetic promoters and
other strategies as summarized above. Despite these gains, most studies still report
expression levels below 8% TSP in lignocellulosic biomass feedstocks (Table 1). It is
hypothesized that recombinant cellulases hydrolyze cellulose completely at the standard
condition of 15 filter paper unit (FPU) cellulases/g cellulose [126]. High expression levels of
glycosyl hydrolases in lignocellulosic biomass are required to achieve full auto-hydrolysis in
standard conditions.
Using poplar as an example, under the assumption that soluble proteins in poplar
are about 90 mg/g dry weight [127] and cellulose in wood is 450 mg/g dry weight [44], it is
anticipated that levels of more than 14% TSP cellulase will be required to be produced in
and recovered from poplar leaf to completely hydrolyze host plant cellulose (Table 2).
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Table 1: Summary of cellulosic biomass feedstock expressing glycosyl hydrolases
Biomass feedstock

Cell wall degrading
enzymes

Source organism

Promoter

Rice straw

Endoglucanase (E1)

Acidothermus
cellulolyticus
Acidothermus
cellulolyticus
Clostridium
thermocellum
Acidothermus
cellulolyticus
Acidothermus
cellulolyticus

CaMV 35S

Endoglucanase (E1)

Maize stalk

Sugarcane

Xylanase
Catalytic domain
Endoglucanase (E1)
Catalytic domain
Endoglucanase (E1)
Catalytic domain

Mac
CaMV 35S
CaMV 35S
CaMV 35S

Subcellular
target
Apoplast
Apoplast
Cytoplasm
Apoplast
Apoplast

Cellobiohydrolase
CBHI

Penicillium sp

Maize PepC

ER, Vacuole,
Chloroplast

Cellobiohydrolase
CBHI

Trichoderma sp.

Maize PepC

ER, Vacuole,
Chloroplast

Maize PepC

ER, Vacuole,
Chloroplast

Endoglucanase (E1)
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Expression
level

Reference

4.9% leaf TSP

[77]

6.1% leaf TSP

[56]

NM

[81,82]

2.1% leaf TSP

[79]

1.13% leaf TSP

[78]

NM

[55,83]

Poplar

Xylanase
Glucuronoyl esterase

Alfalfa
(Medicago sativa
L.)

Ferulic acid esterase

Endoglucanase (E2)

Trichoderma
reesei
Phanerochaete
carnosa
Aspergillus niger

CaMV 35S

Apoplast

14.4% leaf TSP

[80]

CaMV 35S

Cell wall

NM

[84]

tCUP 4

Apoplast,
Chloroplast,
ER, Vacuole

NM

[85]

Thermomonospora
fusca

Mac

0.01% leaf TSP

[53]

0.001-0.002%
leaf TSP
200-400U/mg
fresh leaf
NM

[86]
[75]

NM

[87]

Exoglucanase (E3)
Tall fescue
(Festuca
arundinacea)

Xylanase
Ferulic acid esterase
Xylanase

Purple false
brome
(Brachypodium
distachyon)

Acetylesterases

Mac
Trichoderma
reesei
Aspergillus niger
Trichoderma
reesei
Aspergillus
nidulans

LmSee1

Cytosol
Cytosol

Rice actin
promoter
LmSee1

Apoplast
Apoplast
Vacuole
Apoplast

CaMV 35S

Apoplast

Abbreviations: CaMV 35S, Cauliflower mosaic virus 35S RNA promoter; Lmsee1, Lolium multiflorum senescence promoter; Maize PepC: Maize
Phosphoenolpyruvate Carboxylase promoter; ER, endoplasmic reticulum; TSP, total soluble protein; NM, not measure
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Table 2. Expression level of cellulases in poplar required achieving complete
hydrolysis of plant hosts’ cellulose.
Cellulose content

0.45g cellulose/ 1g dry weight biomass

Cellulases required for cellulose
degradation

0.45g cellulose × 15FPU/1g cellulose=6.75FPU
(13mg cellulases)

TSP content

90mg

Expression level of cellulases for
complete hydrolases plants’
cellulose

13mg cellulases/90mg TSP × 100%=14.4%TSP
of cellulases

Note: 1FPU translates to 1.93 mg cellulases [129]
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Using published levels of cellulose and soluble proteins, we calculated required in
planta expression levels of cellulases in poplar, rice straw and switchgrass (Table 3) to
achieve complete autohydrolysis under standard conditions (15 FPU cellulase/g cellulose).
Here, we assume an enzyme recovery rate of assuming 85%, based on published recovery
rates of functional xylanase from tobacco leaf [128]. At these levels, a minimum of 13% TSP
expression level is required for in planta cellulases to degrade plant host cellulose (Table 3).
While these numbers are generalized for all cellulases as opposed to each class required for
complete biomass break down, the implication remains the same: in order to produce
enough enzymes in planta, expression levels need to be increased significantly. Optimizing
in planta recombinant protein expression in lignocellulosic biomass feedstock to achieve
higher expression level is both a challenge and opportunity for lignocellulosic ethanol
production.
The use of viral expression systems is a promising technology for hyperexpression of
heterologous proteins in planta [134]. There are a variety of plant viruses that have been
modified to act as vectors for recombinant protein expression in plants including both DNA
[135] and RNA viruses [136]. The last two decades, have witnessed significant
improvements in plant virus expression vectors to overcome barriers such as instability in
plant hosts and limited size of inserted gene sequence, which have been reviewed in
literature with much detail. [137-140]. Plant virus expression vectors inherit the replication
mechanisms of the original virus [138,141]. Genes of interest are replicated in the plant
cells and produce high levels of proteins of interest such as biopharmaceutical proteins,
when they are integrated into plant virus vectors and transferred into plant cells [141]. To
date, most plant virus expression vectors have been used only in transient expression of
foreign proteins [142,143].
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Table 3. Level of in planta cellulase expression required in poplar leaf, rice straw
and switchgrass to completely hydrolyze host plant cellulose.
Poplar leaf

Rice straw

Switchgrass

Cellulose
content

45% d.w. [44]

39% d.w. [130]

30% d.w. [131]

Soluble proteins
content

9% d.w. [127]

5-10% d.w. [132]

7% d.w. [133]

In planta cellulases
expression level

17% TSP

12.9%-25.8% TSP

14.5% TSP

Abbreviations: d.w., dry weight; TSP, total soluble protein; Soluble protein content in rice straw depends
on the age of rice leaves during senescence [132]
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Recently, a new in planta recombinant protein expression platform has emerged, In
Plant ACTivation (INPACT), which combines ethanol induction and a deconstructed
geminivirus vector. INPACT is confirmed to highly express heterologous proteins after
ethanol induction, achieving higher expression levels than traditional overexpression
constructs using the constitutive CaMV 35S promoter [144]. INPACT incorporates plant
virus vector expression and inducible expression; the former trait contributes to
hyperexpression and the latter separates plant growth and desired protein production to
avoid adverse effects of heterologous proteins on plants. Because of these two
characteristics, INPACT provides a promising approach for in planta glycosyl hydrolase
expression. In addition, INPACT technology is not host-limited [144]. For this reason, we
anticipate that systems such as INPACT will allow a variety of lignocellulosic biomass
feedstocks to be utilized for high level enzyme expression as in the ‘ideal scenario’ (Figure
1). This type of high-level, inducible system and other potential high level expression
systems including chloroplast expression and systems taking advantage of new
technologies will be paramount in the use of lignocellulosic feedstocks as biofactories for
the production of cellulolytic enzymes for their own break down.
While the expression of single enzymes in lignocellulosic feedstocks is underway,
the accumulation of multiple glycosyl hydrolases in a single species will present an
additional challenge. As more than one cellulase are required to hydrolyze cellulose to
glucose, producing multiple glycosyl hydrolases in one plant would enhance capability of in
planta enzyme production and improve saccharification efficiency of utilizing transgenic
plants for ethanol production. The expression of multiple glycosyl hydrolases could be
achieved either by transferring multiple vectors containing individual transgenes into plant
cell or by utilizing one vector containing multiple transgenes. There are few examples of
expressing multiple cell wall degrading enzymes in a single plant [75,145]; in these studies,
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two functional glycosyl hydrolases are successfully produced. It is possible and beneficial to
shift from producing single enzymes to multiple ones in a plant. More research is necessary
to generate transgenic plants expressing multiple glycosyl hydrolases and to assess the
functionality of these plants for the levels of enzyme production required for ethanol
production.

1.5 Conclusion
Ethanol production from lignocellulosic feedstocks has attracted global attention
due to increasing demand for sustainable fuel sources and huge ethanol yield potential from
lignocellulosic biomass. Economically competitive lignocellulosic ethanol production is
limited by biomass production and subsequent biomass conversion to fermentable sugars.
The cost of glycosyl hydrolases is one of the cost barriers for use of lignocellulosic biomass.
While microbial-derived hydrolytic enzymes are currently too expensive for cost-effective
ethanol production, expression of hydrolytic enzymes in planta is a promising alternative.
Moreover, lignocellulosic feedstocks are ideal plant hosts for glycosyl hydrolase expression
because of large availability of biomass and the potential for a dual role as both biomass
substrate and enzyme provider. Previous research has shown that plants producing
glycosyl hydrolases, either as a biofactory alone with the enzymes recovered for use, or as
the transgenic biomass substrate to be converted to ethanol, could hold promise to reduce
the cost of lignocellulosic ethanol production. More research is required to evaluate and
improve the efficiency of using glycosyl hydrolase expressing transgenic feedstock for
ethanol production, particularly taking the plant material right through processing to
ethanol production and investigating the feasibility of transgenic feedstocks in the field. In
addition, boosting expression levels of hydrolytic enzymes in feedstocks is an unavoidable
requisite for utilizing transgenic feedstocks for the production of economically competitive
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lignocellulosic ethanol. Although several hurdles need to be overcome, glycosyl hydrolase
production in lignocellulosic feedstock holds the capability to play a key role in meeting
global renewable energy goals.
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Chapter 2. Expression of a hyperthermophilic endoglucanase in
hybrid poplar modifies the plant cell wall and enhances
digestibility

2.1 Introduction
The drive to replace fossil fuels with sustainable energy sources has resulted in increased
demand for ethanol to supplement gasoline since the late 1970s [1]. While the production of grainderived ethanol has been criticized as a potential threat to food supply and for its debatable social
benefits [2], the utilization of lignocellulosic biomass, one of the most abundant energy resources
on the planet, provides an alternative for ethanol production. The secondary cell wall of
lignocellulosic biomass contains abundant polysaccharides such as cellulose and hemicellulose that
can be hydrolyzed into monosaccharides for fermentation into ethanol [3]. Currently, low efficiency
and high conversion costs prevent large-scale production of lignocellulosic ethanol.
Degradation of the plant cell wall requires thermochemical pretreatment followed by
enzymatic hydrolysis. Cellulose bundles are embedded within a complex matrix of hemicellulose
and lignin, and pretreatment is necessary to allow access to the carbohydrates of the cell wall.
Pretreatment utilizes high temperatures, corrosive chemicals, or ionic liquids to break the bonds
among the three components, thereby increasing accessibility of hydrolytic enzymes to cellulose
[4]. These glycosyl hydrolases, which include a suite of enzymes that break down cellulose and
hemicellulose, are commonly produced in microorganisms. Pretreatments requiring harsh
thermochemical conditions paired with the high cost of microbe-derived enzymes continue to make
lignocellulosic ethanol financially non-competitive compared with corn ethanol.
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In planta expression of cellulolytic enzymes is an alternative to producing the enzymes in
microorganism. While proof of concept has been carried out in multiple species including
Arabidopsis or tobacco [5-7], in planta cellulase expression would be more advantageous if the
enzymes were produced in lignocellulosic feedstock itself. This would allow the biomass feedstock
to serve a dual role, as both enzyme supplier and substrate for ethanol production [8] . One of the
challenges associated with expressing hydrolytic enzymes in plants is the prevention of detrimental
effects of the enzymes on the plant host. Stunted growth, abnormal stem development, infertility,
and depigmentation can result from disruption of host cell structure and function by in planta
expression of hydrolases [9-11]. A potential solution to this challenge is the expression of
hyperthermophilic cellulases that display low enzyme activity at ambient temperatures.
Previous studies have successfully expressed thermophilic endoglucanase with optimum
temperatures of 80°C [12] from Acidothermus cellulolyticus in various plant species without
negative effects on plant growth [7,13,14]. In planta expression of hyperthermophilic cellulases is
considered key for simultaneous processing with mild pretreatments (90°C-120°C) and enzymatic
hydrolysis in one reactor [15]. To achieve this goal, enzymes expressed in the plant should survive
and be activated at temperatures over 90°C. To date, few studies have produced cellulases with
optimal temperature over 90°C in planta, and this work has been carried out only in model species
including Arabidopsis and tobacco [16-18]. Hyperthermophilic endoglucanases have been identified
from multiple organisms [19]. Among them, an endoglucanase from Thermotoga neapolitana
(TnCelB) has an optimal temperature of 106°C [20], and is one of few characterized endoglucanases
which retain activity over 100 °C.
Beyond the original goal of utilizing the plant as biofactory for enzyme production, in planta
expression of hydrolytic enzymes has been reported to modify cell wall structure [21-24]. In most
previous studies, in planta expression of hydrolytic enzymes resulted in a more easily digestible cell
wall and enhanced enzymatic saccharification. Subcellular targeting of active recombinant
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cellulases influenced plant growth and cell wall chemistry (Klose et al., 2015). Decreased plant
growth and reduced structural glucose contents were found in the transgenic tobacco with
apoplast-targeted mesophilic endoglucanases but not in lines with the enzymes targeted to the
endoplasmic reticulum [25]. In planta expression of hyperthermophilic cellulases is expected to not
only prevent destructive effects of the enzyme on plant host structure and function, but more
importantly, it will allow autohydrolysis of feedstock post-harvest. Heat activation of
hyperthermophilic enzymes could allow cell wall components to be hydrolyzed or modified by in
planta produced enzymes prior to the start of processing.
TnCelB was overexpressed in hybrid poplar (Populus alba × grandidentata) under the
control of the Cauliflower Mosaic Virus 35S promoter. Here we explore the effect of in planta
TnCelB expression on cell wall composition and structure, and the resultant impact on
saccharification efficiency before and after the activation of this hydrolytic enzyme.

2.2 Methods

2.2.1 Synthesis of TnCelB
A hyperthermophilic endoglucanase from Thermotoga neapolitana, TnCelB (GenBank:
AAC95060.1) was codon optimized based on the codon usage of Populus trichocarpa using the
online tool Optimizer [44]. A synthetic intron was inserted into DNA sequence, and later correct
splicing was confirmed in poplar by PCR and amplicon sequencing comparing the plasmid DNA to
transgenic poplar cDNA using primers flanking the synthetic intron (Figure 2). The apoplast
targeting sequence from tobacco pathogenesis-related protein 1a (Pr1a) was used to target TnCelB
to apoplast [7]. For convenience of molecular cloning, the second amino acid (asparagine) of the
original Pr1a was mutated to a glutamate (Table 4). Apoplast targeting by the mutated Pr1a
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sequence was confirmed by fusing the sequence with GFP and carrying out transient expression in
onion epidermal cells (Figure 3). Codon optimized TnCelB containing the synthetic intron and the
apoplast target sequence was synthesized (GeneScript ®). Apoplast targeted TnCelB was cloned into
the pCambia1300 binary vector under the control of the Cauliflower Mosaic Virus 35S promoter
(CaMV) and confirmed by sequencing.
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Table 4. Primers used in the study
Primer name

Sequence

Note

PRSE-Fwd

GCGGCCGCCATGGAGTTCCTCAAAAGCTTCC

Forward primer to amplify Pr1a sequence with Asn mutated to
Glu, NotI site added

TnCelB-RvsNot1

GCGGCCGCTTATTCTCCAATCTCCACAGAA

Reverse primer for cloning TnCelB, NotI site added

UBC11-Fwd

GTTGATTTTTGCTGGGAAGC

Homologous locus in Arabidopsis: NM_001125464

UBC11-Rvs

GATCTTGGCCTTCACGTTGT

TnCelB-Fwd

ATGCGTTTGGTGGTTTCTTTTC

Forward primer for qPCR

TnCelB-Rvs

AAAGTTGAGTTCCATTGTAACT

Reverse primer for qPCR

CesA4-Fwd

CACAGGTTATCCCACTTTTGCT

JCI accession number: eugene3.00002636

CesA4-Rvs

CATACGCTTGCTTGCTAACAGA

CesA7-Fwd

CAAGCAATGTGGACTCAACTGTTA

CesA7-Rvs

AAGCAGGATGCACATGTATCTTCT

CesA8-Fwd

AAGCACATATCGCTGTCAGTATTTA

CesA8-Rvs

TTCAACACAATCAAAACCTGTATTT

Kor-Fwd

GCAGCAAAATCATCTTACCAA

Kor-Rvs

GGATTGACAAGAACACCATAT

CAD1-Fwd

GCAAGCTTATTCACTGAACAACAAT

CAD1-Rvs

AAAGCAAAGACACACTGTCACATTT

JCI accession number: gw1.XVIII.3152.1

JCI accession number: eugene3.00040363

GenBank: AY535003.1

JCI accession number: estExt_Genewise1_v1.C_LG_IX2359
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Figure 2. Synthesized TnCelB gene sequence and splicing confirmation.
(a) Codon optimized sequence of TnCelB (b) Primer location to detect splicing of intron (c) PCR
results detecting correct intron splicing
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Figure 3. Mutated PR1a targeted GFP to apoplast.
Infiltrated onion epidermal cells of GFP fused with PRSE (a,b,c) or of GFP without targeting
sequence (d,e,f); pictures were taken under white field (a,d); flouresencet light (e,f); merged (b,e)
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2.2.2 Plant materials
The pCambia 1300 binary vector containing TnCelB driven by the CaMV 35S promoter was
transformed into Agrobacterium tumefaciens Strain GV3101. Agrobacterium-mediated
transformation of poplar (Populus alba × grandidentata) was conducted as previously described
[45]. Four transgenic events were confirmed to contain the gene of interest using genomic PCR.
Each transgenic event, along with the non-transgenic control (WT) was vegetatively propagated to
produce multiple lines (n=6-8) in tissue culture before they were moved to the greenhouse. The
plants were grown in the greenhouse under 16h light (22°C)/8h dark (18°C) and fertilized weekly.
Four-month-old plants were measured prior to being destructively harvested for analysis. Plant
height (h) and diameter (d) were measured directly, and total biomass as measured by volume (v)
was calculated as v = (1/3)*(d/2)2 π*h. The growth stage of plant tissue was determined by
plastochron index [46]. The first leaf whose blade length was larger than 5cm was assigned as P0
and the leaf was immediately below P0 was assigned as P1. P15 and P16 were collected as leaf
tissue for analysis. Developing xylem tissue was scraped from stem sections between P10-P30. Bark
was peeled from the wood, and the outer layer of tissue was scraped from the wood using a scalpel
(Figure 4). Wood tissue was collected from P10 to the base for analysis of cell wall composition and
enzymatic hydrolysis. Intact stems from P30-bottom were treated at 100°C for four hours to
activate TnCelB enzyme to produce heat-treated stems, while stems from P10-30 did not undergo
heat treatment, but were dried only after the removal of the developing xylem as untreated stems.
All stem tissues has bark removed and were then longitudinally cut in half for removal of pith
before chemical analysis.
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Figure 4. Sample collected from stem.
Developing xylem (labeled in the red square) was collected by scraping a thin layer (approximately
1mm wide layer) after removing bark. Wood tissue was collected as the remaining part after
removing bark and developing xylem. Pith also was removed from wood tissue. Figure modified
from [55]
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2.2.3 Quantitative RT-PCR analysis
Quantitative RT-PCR was conducted to quantify transcript abundance of TnCelB in
transgenic events and WT. Total RNA was extracted from leaf and developing xylem tissue
separately [47]. RNA was treated with DNase according to manufacturer’s instructions (Promega).
DNase-treated RNA was used as a template for cDNA synthesis using High Capacity cDNA Reverse
Transcription Kits (Applied Biosystems). For qPCR analysis, PCR reaction was conducted using
PerfeCTa SYBR® Green FastMix (Quantabio). Polyubiquitin (UBQ11, GeneBank No. BU879229) was
used as a reference gene [48].The primers for all genes of interest and housekeeping genes are
listed in Table 4. TnCelB transcript level was quantified using delta critical threshold values (ΔCt)
calculating as ΔCt=2 –(Ct TnCelB –Ct UBQ11) [49].

2.2.4 Enzymatic activity
To assess enzymatic activities, 4-methylumbelliferone β-D-cellobioside (MUC) assay was
conducted. Total protein was extracted from leaf and developing xylem tissue based on the protocol
by Côté, Rutledge [50]. Total soluble protein concentration was measured by Bradford assay
(Sigma-Aldrich). Endoglucanase activity of TnCelB was assessed using 4-methylumbelliferone β-Dcellobioside (MUC) as substrate [7]. Total soluble protein (TSP) extracted from 50mg ground tissue
was used for enzymatic assay as described by [30]. 5ul TSP (representing 0.1-0.3μg TSP) was
added into a reaction well in a 96-well plate with 25ul substrate solution. To assess the
temperature optimum, the reaction was conducted at multiple temperatures including 25, 35, 45,
55, 65, 75, 85, 95 and 100°C. The reaction was stopped by addition of stop solution (0.36M Na2CO3)
at 0, 10, 20, and 30min, respectively. Production of 4-methylumbelliferone (4Mu) was measure by
fluorescence at 465 nm with an excitation wavelength of 360 nm. Readings were conducted in
triplicate. Enzymatic activity was calculated as the reaction rate (uM4Mu/min/0.1μg TSP) over
30min reaction period.
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2.2.5 Cell wall composition
Wood tissue from three plants per event was analyzed for cell wall composition. Air-dried
stem tissue was ground by Willey mill to pass through a 40-mesh filter. Ground wood tissue
underwent acetone extraction for 8h in a soxhlet extractor. Lignin and structural carbohydrates in
extractive-free tissue was quantified by acid hydrolysis [51]. Briefly, 3ml 72% sulfuric acid was
added to 200mg oven-dried tissue in a test tube. Mixture was mixed for 30s every 10 min for 2h. An
addition of 112ml distilled water diluted the sulfuric acid to concentration of 4%. Wood tissue was
hydrolyzed by 4% sulfuric acid at 120°C for 1h. Liquid hydrolysate was collected to quantify
structural carbohydrates by Dionex ICS-3000 ion-exchange chromatography (IC) equipped with
PA1 Analytical & Guard Columns (Thermo Fisher Scientific). Water was used as the carrier at a rate
of 1ml/min with a post-column addition of 200mM Sodium Hydroxide. Acid-soluble lignin was
determined by UV-Vis spectrophotometry, and acid-insoluble lignin was measured gravimetrically.

2.2.6 Crystallinity of cellulose
The cellulose crystallinity index (CI) was measure by X-ray diffraction (XRD) at Cornell High
Energy Synchrotron Source with a beamline energy of 19.3 KeV (equivalent to a wavelength of 0.63
Å). A high-flux beam was focus on a 10um-diameter spot and accepted by a 4 mrad polycapillary
optic. Ground wood tissue was packed in an aluminum plate with multiple wells of 6.35mm
diameter and 4.78mm depth. Signals were detected by ADSC Quantum-210 placed at 280 mm from
the samples. Data was integrated by ADX data collection GUI. CI was calculated as I002−Iam/I002× 100,
where I002 or Iam were the peak heights above baseline at 22.5° or 18°, respectively [52].

2.2.7 Pretreatment
Ground wood tissue was pretreated with 1% sulfuric acid at a ratio of 10:1 at 120 °C for
30min [53]. Pretreated biomass was washed with distilled water (3×50ml) and dried at 60°C
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overnight. Carbohydrate release by pretreatment was assessed in the hydrolysate by IC as
described above.

2.2.8 Enzymatic hydrolysis
Enzymatic hydrolysis was carried out as described by Resch et al. [54]. 14mg of ground
wood tissue was loaded into 1.4ml 50mM citrate buffer solution (pH 4.8) containing
Accellerase®1500 and Accellerase® XY (Dupont); Accellerase®1500 at 20 FPU/mg glucan and
Accellerase® XY at 0.1ml/ g dry biomass. Enzymatic hydrolysis was conducted at 37°C at 200 rpm.
Liquid hydrolysate was collected at 0, 3, 6, 12, 24, 48, and 72 h, and enzymes inactivated by heat
treatment at 100°C for 10min. Released glucose was quantified with a Dionex ICS-3000 ionexchange chromatography system as described above.

2.2.9 Statistical analysis
Tissue material from three plants per event was used for analysis. Technical replicates were
carried out. Statistical significance between a transgenic event and WT was calculated using a oneway student t-test in Excel (Microsoft).

2.3 Results
2.3.1 Phenotype of TnCelB overexpression transgenic plants
Four confirmed transgenic events containing the codon optimized TnCelB gene driven by the
Cauliflower Mosaic Virus 35S promoter (CaMV 35S) and targeted to the apoplast were generated.
Each event was vegetatively propagated to produce multiple plants and grown in the greenhouse
for four months before being harvested for analysis. Phenotypic measurements, including height,
stem diameter, number of leaves (internodes), average length of internode, and total stem volume
were assessed at the time of harvest. Overall, the transgenic events had increased volume
compared to WT controls, as calculated from stem diameter and height (Figure 6a). All four
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transgenic events had increased stem diameter (Figure 6b) and one event (CaMV-3) was
significantly taller than WT (Figure 6c). The increase in volume seen in all four transgenic events
was largely due to increased stem diameters (Figure 6b). Unexpectedly, one event (CaMV-4) had
increased total number of internodes and produced more leaves during growth (Figure 6d). The
change in internode number was offset by a decrease in the average length of internodes (Figure
6e) and therefore there was no change in overall height. Event CaMV-4 also displayed an abnormal
phenotype in the greenhouse, including showing minor signs of dehydration at the time of harvest
(Figure 5). This line also displayed a wrinkled leaf phenotype that was present from tissue culture
through greenhouse growth (Figure 5). Quantitative RT-PCR results showed three of the four
TnCelB overexpression lines have TnCelB transcripts accumulating in both leaf and developing
xylem, with CaMV-4 having the highest expression in both tissue types. Expression levels of CaMV 5 was similar to wildtype (Figure 6f)
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Figure 5. Abnormal phenotypes of CaMV-4
(a) CaMV-4.Wrinkle leaf surface of CaMV-4 compared with WT ; (b) Dehydrated apical
meristem of CaMV-4 compared to WT
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Figure 6. Growth comparison of four-month-old greenhouse-grown transgenic TnCelBoverexpressing poplar and WT control.
(a) Biomass volume; (b) stem diameter; (c) plant height; (d) leaf number; (e) length of internode.
Each value represents mean of five individual plants. * indicates significant differences in
comparison with WT at P < 0.05 (Student's t-test). (f) Relative expression of TnCelB in leaf and
developing xylem in transgenic events and WT measured by qPCR using UBQ11 as the internal
control. Three individual plants per event were analyzed. Error bars are standard error
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2.3.2 Enzymatic activity
Initially, TSP from transgenic and WT plants was used to assess activity of TnCelB over a
temperature gradient (25°C-100°C) to confirm the temperature optimum of the codon optimized,
plant produced enzyme. Activity of the plant-made endoglucanase in TSP increased along a
temperature gradient and reached the highest activity at 100 °C, although it appears that activity
may continue to increase beyond the temperature (Figure 7a). The transgenic plants (CaMV-1,
CaMV-3 and CaMV-4) had higher endoglucanase activity relative to controls starting from 25°C,
indicating that in planta TnCelB had detectable, albeit low levels of hydrolytic activity at ambient
temperature (Figure 7a). Among all transgenic events, CaMV-4 had highest enzymatic activity at
25°C (Figure 7a).
Total soluble protein (TSP) was extracted from leaf and developing xylem of transgenic and
WT plants. The activity of TnCelB was determined by MUC assay at 100°C. Enzymatic activities from
transgenic events are consistent with TnCelB transcript levels among events (Figure 7b). CaMV-4
has the most abundant TnCelB transcripts and the highest enzymatic activity in both leaf and
developing xylem. As seen with the qRT-PCR result, CaMV-5 has similar endoglucanase activity to
WT (Figure 7b).
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Figure 7. Enzymatic activity of poplar-derived TnCelB using MUC assay.
(a) Enzymatic activities of total soluble protein (TSP) from transgenic events and WT over a
temperature range (25°C to 100°C). Each value represents mean of technical triplicates with
standard error. (b) Enzymatic activity of TSP extracted from leaf tissue and developing xylem of
transgenic events and WT. The enzymatic assay was conducted at 100°C. Each value represents
mean of technical triplicates of three individual plants per event with standard error.
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2.3.3 Cell wall composition and cellulose structure
To investigate the effect of in planta TnCelB expression on the cell wall structure before and
after enzymes were activated, stem sections from P10 to the base were divided into two sections.
Stem sections from P10-P30 were used as is, with no heat treatment applied before removal of
bark. Stem sections from P30 to the base were heat-treated with bark still on at 100°C for four
hours immediately after harvest. Following heat treatment bark and pith were removed. Cell wall
structural components were assessed in acetone-extracted untreated and heat-treated stem tissue
of transgenic and WT poplar. Carbohydrates in untreated transgenic lines had few changes relative
to WT, with increased arabinose in CaMV-1 and increased arabinose and galactose in CaMV-4
(Table 5). CaMV-4 had significantly decreased acid insoluble lignin, resulting in decreased total
lignin content (Table 5).
In the heat-treated stem sections, CaMV-3 and -5 displayed reduced arabinose and galactose
relative to WT (Table 6). CaMV-4 had increased glucose, decreased mannose and decreased lignin
content when compared with WT (Table 6). All events, including WT had decreased mannose in
heat-treated stems relative to untreated stems, which indicated heat influenced mannose content
(Figure 8a). Glucose content was not affected by heat-treatment in any of the transgenic events or
WT (Figure 8b). In the heat-treated stem section, reduced arabinose, galactose, and xylose were
only observed in TnCelB-overexpressing transgenic lines but not in WT controls (Figure 8c-e).
Heat-treated wood had more acetone extractable content than untreated wood (Table 5). Combined
with the changes in monosaccharide content in heat-treated wood, this suggests hemicellulose was
degraded by heat treatment, as these changes were observed regardless of transgene expression. In
addition, two transgenic events (CaMV-3 and CaMV-4) had significantly higher acetone extractive
contents than WT (Table 6).
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Table 5. Structural carbohydrates, lignin and non-structural extractives from untreated stems
% Carbohydrates

% Lignin

Acetone

Event

Arabinose

Galactose

Glucose

Xylose

Mannose

Acid insoluble

Acid soluble

Total

extractives (%)

CaMV-1

0.95*

1.23

45.66

14.05

1.37

19.46

2.34

21.80

1.05

± 0.04

± 0.10

± 2.14

± 0.33

± 0.01

± 0.67

± 0.06

± 0.64

±0.53

0.89

0.99

42.49

15.74

1.58

19.81

1.92

21.73

0.78

± 0.06

± 0.02

± 1.97

± 0.96

± 0.11

± 1.11

± 0.12

± 1.09

±0.38

0.98*

1.62*

44.09

13.31

1.26

16.69*

1.98

18.67*

1.13

± 0.07

± 0.14

± 1.82

± 0.40

± 0.21

± 0.74

± 0.23

± 0.78

±0.36

0.82

1.22

46.39

15.80

1.37

18.90

2.33

21.23

1.70

± 0.03

± 0.03

± 0.85

± 0.89

± 0.13

± 0.51

± 0.05

± 0.46

±1.10

0.80

1.07

41.70

13.87

1.31

18.9

2.22

21.11

0.62

± 0.02

± 0.08

± 1.97

± 0.62

± 0.10

± 0.53

± 0.24

± 0.31

±0.01

CaMV-3

CaMV-4

CaMV-5

WT

Data was presented as average ± standard error. * indicates significant differences in comparison with WT at P < 0.05 (Student‘s t-test). N=3
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Table 6. Structural carbohydrates, lignin and non-structural extractives from heat-treated stems.
% Carbohydrates

% Lignin

Acetone

Event

Arabinose

Galactose

Glucose

Xylose

Mannose

Acid insoluble

Acid soluble

Total

extractives (%)

CaMV-1

0.78

1.00±

41.17

13.01

1.03

18.30

1.42

19.72

3.31

± 0.09

0.14

± 0.75

± 0.33

± 0.07

± 0.92

± 0.06

± 0.93

± 0.74

0.63*

0.82*

40.33

13.08

1.12

18.42

1.61

20.03

3.00*

± 0.02

± 0.03

± 1.33

± 0.62

± 0.09

± 0.58

± 0.09

± 0.57

± 0.07

0.98

1.30

44.99*

11.78

0.54*

15.13*

1.39

16.52 *

2.79*

± 0.10

± 0.09

± 0.8

± 0.38

± 0.10

± 0.20

± 0.12

± 0.13

± 0.12

0.65 *

0.88*

42.03

13.30

1.00

17.46

1.73

19.19

2.40

± 0.01

± 0.01

± 2.01

± 0.76

± 0.06

± 0.71

± 0.18

± 0.87

± 0.57

0.91

1.04

42.17

13.05

1.00

19.17

1.66

20.79

2.10

± 0.08

± 0.02

± 0.26

± 0.90

± 0.17

± 0.64

± 0.16

± 0.50

± 0.16

CaMV-3

CaMV-4

CaMV-5

WT

Data was presented as average ± standard error. *indicates significant differences in comparison with WT at P < 0.05 (Student‘s t-test). N=3
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To assess whether changes in cell wall composition were the result of changes in cell wall
formation or due to the action of the transgene, we carried out qRT-PCR on a select number of
secondary cell wall formation related genes. Expression levels of genes involved in cellulose
(Cellulose synthase; CesA4, CesA7, CesA8, and Korrigan) and monolignol (Cinnamyl-alcohol
dehydrogenase; CAD) biosynthesis in the secondary cell wall were assessed. There was no
difference in expression of these genes between transgenic events and WT (Figure 9).

2.3.4 Cellulose crystallinity
Cellulose crystallinity index (CI) from untreated and heat-treated stem sections was
determined by X-ray diffraction. Crystallinity index was calculated by the ratio of crystalline
cellulose to non-crystalline cellulose [26]. CaMV-4 untreated stems had lower cellulose crystallinity
than WT (Figure 8f). CaMV-4 is the only event that displayed reduced CI relative to the WT control
suggesting the high expression of recombinant endoglucanase had an effect on cellulose structure
even without heat induction. After heat activation of in planta TnCelB, cellulose crystallinity was
increased in CaMV-4 relative to untreated, whereas all other lines had lower crystallinity in heattreated stem sections (Figure 8f).
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Figure 8. Comparison of structural carbohydrate content and cellulose crystallinity of
untreated and heat-treated wood for each event.
Carbohydrates contents including (a) mannose; (b) glucose; (c) arabinose; (d) galactose; (e)
xylose in untreated and heat-treated stems measured by ion-exchange chromatography following
acid hydrolysis. (f) Cellulose crystallinity index of untreated and heat-treated stems measured by
X-ray diffraction in each event. Each value represents mean of technical duplicates of three
individual plants per event with standard error. * indicates significant differences in comparison
with WT at P < 0.05 (Student's t-test).
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Figure 9. Expression level of genes involving in cellulose synthesis.
Three individual plants per event were analyzed. Error bars are standard error.
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2.3.5 Pretreatment and enzymatic hydrolysis
Untreated and heat-treated stem sections underwent enzymatic hydrolysis using
Accellerase®1500 and Accellerase® XY (Dupont) to determine if glucose release was improved by
gene expression and enzyme activation. Released glucose was determined at multiple time points
up to 72h. For untreated stems, higher glucan conversion rates were observed exclusively in CaMV4 lines relative to WT (Figure 10a). Different from untreated stems, heat-treated stems of CaMV-1,
CaMV-3, and CaMV-4 had higher glucan release rates than WT (Figure 10b). CaMV-1 and CaMV-3
transgenic lines had significantly increased glucan conversion rates in heat-treated stem sections
relative to untreated sections, suggesting activation of in planta expressed TnCelB enhanced
saccharification efficiency. These differences were not seen in CaMV-5 or WT, indicating that the
heat-treatment itself had negligible effect on saccharification. These differences were also not
detected in CaMV-4, which had highest saccharification rates in both untreated and heat-treated
stem sections. It is possible that CaMV-4 had relatively more easily digestible cell wall in untreated
stems, as may be suggested by reduced lignin and cellulose crystallinity, and as a result, activated in
planta expressed TnCelB was no longer a major factor in enhancing hydrolysis in this line.
To further assess the potential of these lines, heat-treated stem tissue underwent a mild
acid pretreatment followed by enzymatic hydrolysis. Interestingly, CaMV-4 had slightly lower
glucan conversion than WT (Figure 10c) following pretreatment, however this was not significant.
Pretreated WT stem sections released more glucose than unpretreated WT. Unpretreated CaMV-4
tissue, including untreated and heat-treated stem sections, released similar glucose to pretreated
CaMV-4 tissue. In addition, unpretreated CaMV-4 had a comparable glucose release level to
pretreated WT during enzymatic saccharification (Figure 10d).

67

Figure 10. Enzymatic saccharification efficiency of transgenic events and WT.
Glucan conversion rates of untreated biomass (a), heat-treated biomass (b), and heat-treated
biomass following a mild acid pretreatment (c). Liquid hydrolysate was collected at different
time points over 72 hours, and glucose measured by ion-exchange chromatography. (d)
Comparison of released glucose concentration of CaMV-4 and WT among three treatments.
Each value represents mean of three individual plants per event with standard error. * indicates
significant differences in comparison with WT undergoing heat-treatment and pretreatment
at P < 0.05 (Student's t-test).
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Pretreatment liquid was assessed for sugar concentration. The results showed carbohydrates
monomers consistent with hemicellulose degradation in all lines including WT (Table 7). CaMV-4
released almost twice as much glucose relative to WT during pretreatment (Table 7), suggesting a
larger portion of cellulose was degraded during pretreatment in CaMV-4 relative to WT.
Pretreatment of the CaMV-4 line was unnecessary to achieve the same rate of glucose release.
Higher glucose release during pretreatment of the CaMV-4 event indicated the plants had more
digestible cellulose structure due to expression and activation of in planta TnCelB. It is possible that
the remaining cellulose portion in CaMV-4 following pretreatment was less digestible than that
remaining in the WT, resulting in lower efficiency of enzymatic hydrolysis.
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Table 7. Carbohydrate content in pretreatment hydrolysate (% biomass)
Event

Arabinose

Galactose

Glucose

Xylose

Mannose

CaMV-1

0.83

1.04

5.37

9.92

0.61

± 0.13

± 0.13

± 0.76

± 0.30

± 0.02

0.67*

0.82

4.61

9.19

0.60

± 0.03

± 0.03

± 0.58

± 0.66

± 0.09

0.97

1.32*

9.22*

8.56*

0.16*

± 0.06

± 0.11

± 0.33

± 0.20

± 0.02

0.71*

0.93

6.5

10.01*

0.52

± 0.04

± 0.08

± 0.21

± 0.05

± 0.05

0.90

0.98

5.00

9.22

0.46

± 0.05

± 0.08

± 1.01

± 0.18

± 0.07

CaMV-3

CaMV-4

CaMV-5

WT

Data was presented as average ± standard error.
*indicates significant differences in comparison with WT at P < 0.05 (Student‘s t-test). N=3
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2.4 Discussion
In planta production of cell wall degrading enzymes in lignocellulosic biomass could benefit
both enzyme production and polysaccharide conversion from plant biomass [27,8]. Besides
preventing detrimental effects on plant hosts, expression of hyperthermophilic cellulases with
optimal temperatures over 90°C in feedstocks could allow simultaneous processing, combining
pretreatment and enzymatic hydrolysis without additive cellulase enzymes. Thus far,
hyperthermophilic glycosyl hydrolases have been expressed only in tobacco and Arabidopsis
[16,18], which are not potential biofuels feedstocks. Expression of hyperthermophilic cellulases in
feedstocks is necessary to optimize the process of ethanol production from lignocellulosic biomass.
This is particularly important to address in woody feedstocks, which are significantly different from
current model plants.
Here, we expressed a hyperthermophilic endoglucanase in poplar, a promising feedstock for
biofuels [28], and investigated the effect of in planta endoglucanase production on plant growth,
cell wall composition and structure, and saccharification efficiency. We found that the enzymes
could be heat activated after harvest and produce expression at high enough levels to be effective
for breaking down the cell wall without negative phenotypic effects in four-month old plants.

2.4.1 Poplar-derived TnCelB retains thermoactivity
An endoglucanase from T. neapolitana (TnCelB) was selected for this study based on its high
optimal temperature of 106°C [20] and targeted to the apoplast. The transgenic plants generated in
this study successfully produced TnCelB protein with increasing activity up to 100°C. This is the
first study expressing hyperthermophilic cellulases with high activity to 100°C in woody plant
species and this work further confirmed the capability of plant-based protein production platform
to keep thermophilic characteristics of original proteins in T. neapolitana [27].
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According to previous research, TnCelB was only activated at temperatures over 80°C [20].
However, here we detected a weak activity of poplar-derived TnCelB at temperatures over 25°C.
This suggests TnCelB could be active over a large temperature range. The weak hydrolytic activity
at ambient temperature conceivably causes changes in phenotype and cell wall composition.

2.4.2 Overexpression of TnCelB in poplar improves plant growth
Previously, a variety of cellulases have been overexpressed in a different plant species, most
of which were annual plants including Arabidopsis, tobacco, alfalfa, and maize [7,29,30]. Some
studies have illustrated that in planta expression of cell wall degrading enzymes altered plant cell
wall composition and structure and resulted in more digestible cell walls, which suggested that in
planta enzymes interfere with cell wall synthesis. [25,31,32,22,33,34]. In this study, transgenic
poplar overexpressing TnCelB had increased biomass production compared to the non-transgenic
control. Increased biomass has not previously been reported in plants expressing microorganismoriginated cellulases. However, in planta expression of plant endoglucanases has resulted in altered
plant biomass. For example, increased biomass production has been observed at transgenic poplar
overexpressing an Arabidopsis endoglucanase [35] and transgenic poplar lines, with RNAi downregulated Korrigan, showed reduced growth [36]. Results from this study suggest that TnCelB’s
weak activity at ambient temperature renders similar effects on plant growth as native plant
endoglucanases. While we cannot ignore CaMV-5 and its improved growth despite negligible
TnCelB expression, and it is possible that the improved growth is due to insertional effects, it is
highly unlikely that the three expressing lines, CaMV-1, -3 and -4 would all have improved growth
by this mechanism alone.
Disruptive effects, including short internodes and stunted growth, resulted when hydrolytic
activities of endoglucanase were high in vivo during plant growth [25]. Conversely, weak activities
or weak interaction with cellulose from in planta endoglucanase could enhance plant growth and
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biomass production, as shown herein. Interestingly, CaMV-4 events with highest TnCelB expression
had a similar wrinkle leaf phenotype to transgenic tobacco expressing a mesophilic Trichoderma
reesei endoglucanase [25]. It is possible that the relatively high expression of TnCelB in leaves in
this line could interact with cellulose in the primary cell wall during plant growth because of higher
accessibility to cellulose compared to in the secondary cell wall [37]. In addition, the slight
dehydration of the apical stems of CaMV-4 events was seen when plants reached approximately
1.1m in height, which could suggest disruptive effects of high TnCelB expression on xylem tissue
resulting in malfunction of water transportation. Interestingly, shorter internodes and increased
number of internodes were only observed in CaMV-4, the line with the highest expression and
activity.

2.4.3 Post harvest activation of TnCelB results in altered cell wall composition
Prior to heat-treatment, TnCelB overexpressing transgenic lines displayed only minor
differences in carbohydrate composition compared to WT. Slightly increased arabinose and
galactose contents were observed in some of the transgenic lines. Glucose levels in all transgenic
lines did not significantly differ from WT (Table 5). Unexpectedly, the event with highest TnCelB
expression, CaMV-4, had significantly decreased lignin relative to WT. Genes involved in cellulose
synthesis and monolignol synthesis did not display altered expression in the TnCelB
overexpressing transgenic plants indicating the alteration of cell wall composition in transgenic
events does not appear to be due to changes in cellulose and monolignol biosynthesis. Reduced
lignin contents in CaMV-4 events might be explained by abundant endoglucanase accumulated at
the apoplast interfering with lignin deposition since cellulase-lignin interactions have been
identified in previous studies [38,39]. Interestingly increased lignin content was seen in Korrigan
RNAi transgenic poplar [36], which also suggested in planta endoglucanase may interact with lignin
synthesis (including polymerization and deposition), especially endoglucanases located in the cell
wall. CaMV-4 had reduced cellulose crystallinity in untreated stem sections, which was also seen in
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transgenic Arabidopsis overexpressing aspen endoglucanases [40] and transgenic poplar
expressing Arabidopsis endoglucanase [36].
Acetone extractive content was higher in heat-treated stems compared to untreated stems
in both transgenic lines and WT. Acetone extractives contain phenolic substances and sugars that
are not part of the structural cell wall [41]. Heat has been found to degrade hemicellulose but not
lignin in poplar [42], therefore increased acetone extractives in heat-treated stems likely contained
sugars derived from hemicellulose. Two transgenic events (CaMV-3 and -4) had higher acetone
extractives in the heat-treated wood, suggesting that in planta expression of TnCelB may have
resulted in more easily heat-digestible hemicellulose.
In addition, the levels of sugar monomers derived from hemicellulose were different
between untreated and heat-treated stem sections. Mannose content was decreased in all events
including WT after heat treatment, indicating mannose-associated polymers were likely degraded
by heat. Active TnCelB could hydrolyze amorphous cellulose in the wood, thereby increasing
glucose content after heat-treatment. The higher level of glucose content seen in heat-treated
CaMV-4 relative to the wild type is likely the counterbalance of hemicellulose loss during heat
treatment. Decreased galactose, xylose, and arabinose content were shown after heat treatment in
transgenic events but not in WT. Again, the difference exclusively in transgenic lines indicates that
hemicelluloses in TnCelB-overexpressing poplar were degraded more easily.
The highest expressing event, CaMV-4, was the only event showing higher cellulose
crystallinity in heat-treated wood compared to untreated wood. The increase of cellulose
crystallinity after heat treatment could be due to the efficient hydrolyzation of amorphous cellulose
by active TnCelB [43], making the increased cellulose crystallinity index the direct result of a
decrease in amorphous cellulose
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In planta expressed TnCelB modified secondary cell wall composition and structure,
especially when TnCelB was expressed at an elevated level in the developing xylem. The changes
include reduced lignin and lower cellulose crystallinity, both characteristics associated a more
digestible cell wall.

2.4.4 TnCelB overexpression lines have improved saccharification efficiency
Only the transgenic line with high expression of TnCelB in the xylem (CaMV-4) showed
increased glucan conversion rates compared to WT when no pretreatment was applied. The
enhanced saccharification rates were possibly the result of more easily digestible cell wall structure
as indicated by reduced lignin and decreased cellulose crystallinity. After activation by heat,
transgenic events with moderate TnCelB expression levels (CaMV-1 and CaMV-3) had increased
conversion rates relative to untreated stems. In addition, transgenic poplar with moderate to high
TnCelB expression level (CaMV-1, CaMV-3, and CaMV-4) had higher glucan conversion rates than
the WT and the transgenic line that showed no expression. The result suggested that for those
transgenic events with modest TnCelB expression but without more digestible cell wall, activation
of the in planta expressed endoglucanase increased cellulose saccharification. For the CaMV-4, with
high TnCelB expression and modified cell wall structure, in planta heat-activated TnCelB did not
enhance saccharification efficiency, indicating that active endoglucanase will not increase
saccharification efficiency for this line. However, the benefit of elevated level expression in CaMV-4
is seen earlier, in that this line does not require pretreatment in order to release equivalent levels of
glucose to pretreated WT biomass.
When heat-treated stems underwent a mild acid pretreatment, transgenic poplar with high
TnCelB expression (CaMV-4) released more glucose into pretreated liquid, again suggesting the
transgenic events had higher portion of amorphous cellulose. In the following enzymatic hydrolysis,
transgenic events had similar or even lower glucan release than WT. Reduced cellulose conversion
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rate could be explained by a higher proportion of crystalline cellulose left after pretreatment in
CaMV-4, and the loss of easily accessible carbohydrates through the mild pretreatment.

2.4.5 Conclusion
Poplar lines with a range of TnCelB expression levels had increased biomass production.
These same lines, with moderate to high TnCelB expression levels, could serve as cellulase
production platforms, as they are able to successfully produce active endoglucanase, have
significant biomass production, and fast growth.
For the transgenic event with the highest TnCelB expression, unpretreated biomass
released comparable glucose relative to pretreated WT control. Reducing the intensity of the
required pretreatment or removing the pretreatment requirement altogether would provide
significant gains for affordable cellulosic ethanol production. Pretreatments utilize high
temperature, high pressure, and harsh chemicals to remove hemicellulose and lignin from biomass
and make cellulose accessible to cellulases [4]. These treatments are expensive and potentially
environmentally damaging. The poplar event with the highest TnCelB expression level
circumvented pretreatment and achieved similar sugar release than pretreated non-transgenic
controls, and as such, could benefit cellulose hydrolysis during ethanol production. Moreover,
transgenic lines with moderate TnCelB expression levels have enhanced saccharification efficiency
after in planta TnCelB being activated.
Transgenic poplar overexpressing the Thermotoga neapolitana endoglucanase, TnCelB,
successfully produced fully functional thermoactive enzymes along with increased biomass
production and improved enzymatic saccharification. These characteristics could allow for the
poplar biomass to be used both as a biofactory for thermophilic enzyme production as well as for
the lignocellulosic feedstock itself, thus reducing required inputs. We confidently propose that
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utilizing lignocellulosic biomass to produce hyperthermophilic cellulases could benefit cellulosic
ethanol production starting from biomass yields to monosaccharaide release.
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Chapter 3. Expression of the Trichoderma reesei expansinlike protein, Swollenin, in poplar improves sugar release
by enzymatic hydrolysis

3.1 Introduction
Ethanol produced from lignocellulosic biomass provides a viable alternative to nonrenewable fossil fuels. Structural carbohydrates in plant cell wall can be deconstructed to
release monosaccharides for ethanol production, however cell walls retain an innate
recalcitrance to break down making this process costly [1,2]. Cellulose, hemicellulose, and
lignin are the main components in the plant secondary cell wall and form a complex
structure through inter/intra linkages amongst them [3,4]. This intricate structure restricts
the access of hydrolytic enzymes to polysaccharides and results in ineffective
saccharification and low ethanol yields [2,5]. Currently, pretreatment is required to open
up the cell wall structure and allow access of enzymes required to carry out hydrolysis.
However, pretreatment usually requires high temperature and ecologically harmful
chemicals [6,7]. Along with the costs associated with pretreatment, the high cost of
microorganism-derived cell wall degrading enzymes, including cellulases, hemicellulases,
and accessory enzymes, makes the current production costs of lignocellulosic ethanol
uncompetitive relative to fossil fuels and corn-derived ethanol [8].
Expression of cell wall degrading enzymes in lignocellulosic biomass holds potential
to improve production efficiency and reduce the cost of lignocellulosic ethanol production.
The expression of cell wall degrading enzymes in planta could modify cell wall structure
and produce a more easily digestible biomass. Previous studies have confirmed that
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transgenic plants expressing hydrolytic enzymes had improved sugar release after
pretreatment and enzymatic hydrolysis [9-12]. In addition, a lower pretreatment severity
was required on transgenic plants to achieve the same efficiency of hydrolysis [13,10].
Transgenic lignocellulosic biomass could be a solution for efficient ethanol production.
One of the challenges in the application of in planta expression of cell wall degrading
enzymes is the prevention of harmful effects on plant hosts, which can range from stunted
growth [14,15], reduced stem strength [16], depigmentation [17], and infertility [15]. One
potential solution for avoiding these effects is the use of inducible expression systems and
thermophilic hydrolytic enzymes [16,18,14,19,20]. Here we explore an additional
alternative approach to generate transgenic biomass to increase efficient hydrolysis
without compromising plant growth through the expression of a non-hydrolytic enzyme in
lignocellulosic biomass.
Plant expansins have been shown to disrupt hydrogen bonds between cellulose
microfibrils without displaying hydrolytic activity [21]. Proteins with expansin-like
properties, have been discovered in the cellulolytic fungus Trichoderma spp including T.
reesei and T. asperellum [22,23]. T. reesei swollenin has approximately 25% sequence
identity over 200 amino acids with plant expansins at the C terminal, and includes a fungal
cellulose binding domain (CBD) at its N-terminal [23]. Previous research has shown that
cotton fiber was disrupted and left swollen after being treated with purified swollenin [23].
It is still debated whether swollenin is capable of hydrolytic activity [24,25], but a
synergistic effect has been found between swollenin and cellulases during enzymatic
hydrolysis of both pretreated biomass and Avicel [26,27]. Compared to other hydrolytic
enzymes, the expression level of swollenin in T. reesei is relatively low [23], and this is
consistent when expressed in heterologous systems. For example, low expression levels,
possibly due to overglycosylation, occurred when swollenin was heterologously produced
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in Saccharomyces cerevisiae and Aspergillus niger [23]. Moderate heterologous expression
levels have been detected in Aspergillus oryzae and Kluyveromyces lactis [28,29].
Besides these microorganisms, swollenin has also been expressed in tobacco
chloroplasts and resulted in depigmentation and slow growth due to due to hydrolysis of
chloroplastic lipids by swollenin [30]. As a consequence of hydrolytic activity of swollenin
on chloroplastic lipids, chloroplasts are not suitable for in planta swollenin expression.
In vitro studies of T. reesei SWO have been conducted in several organisms.
Disruption from swollenin on cellulosic materials was hypothesized as resulting mostly, if
not entirely, from non-hydrolytic activities [24]. As most previous research has focused on
expressing hydrolytic enzymes in planta [31], the direct impacts of non-hydrolytic enzymes
on cell wall composition and structure have not been fully explored. Here we express the
SWO gene from T. reesei in poplar to assess its impact on cell wall development, as well as
on efficiency of enzymatic hydrolysis after pretreatment.

3.2 Methods
3.2.1 Production of plasmid
The Cauliflower Mosaic Virus 35S promoter (35S) and putative vascular tissue
specific Subterranean Clover Stunt Virus S7 promoter (SCSV) were used individually to
regulate the swollenin gene (SWO) in transgenic poplar. The 1482 bp coding region of SWO
was cloned from T. reesei using primers SWO-Fwd (5’-ATGGCTGGTAAGCTTATCG-3’) and
SWO-Rvs (5’- TCAATTCTGGCTAAACTGCACA-3’) and ligated into pGEM-T (Promega) to
generate pGEM-T-SWO. SWO was then cloned into the NotI site in either the pBS-35S or
pBS-SCSV vectors. Each cassette, CaMV-SWO or SCSV-SWO, was ligated into the pCambia
2300 binary vector to generate CaMV-SWO/pCambia 2300 or SCSV-SWO/pCambia 2300.
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3.2.2 Plant material
Transgenic hybrid poplar (Populus tremula × alba) carrying the T. reesei SWO gene
was generated through Agrobacterium tumefaciens-mediated transformation as previously
described at previous chapter. Four CaMV-SWO and three SCSV-SWO events, along with
corresponding wild type trees, were grown in the greenhouse under 16h light (22°C) and
8h dark (18°C), and fertilized weekly for four months.
Phenotypic measurements, including plant height, stem diameter, and number of
leaves, were conducted before harvest. Biomass volume was calculated as v = (1/3)*(d/2)2
π*h. Developmental stages of plant tissues were standardized by plastochron index [32].
The first leaf greater than 5 cm in length was assigned as plastochron leaf 0 (P0). The leaf
immediately below P0 was P1. P5 and P6 were collected for RNA extraction. Stem sections
between P5 and P16 had the bark removed and the remaining stems were scraped of
developing xylem for RNA extraction. The wood tissue left following scraping was retained
for wood compositional analysis and enzymatic hydrolysis as described at previous chapter.

3.2.3 Gene expression
Total RNA was isolated from leaf and developing xylem tissue. Samples were ground
into fine powder in liquid nitrogen. RNA was extracted as previously described [33]. 1ug of
isolated RNA was treated with DNase to remove DNA. DNase-treated RNA was used as
template for cDNA synthesis using SuperScript II Reverse Transcriptase (Invitrogen). cDNA
was used as template for qPCR to measure SWO transcript abundance. Each sample was run
in triplicate using SYBR® Green master mix (BIO-RAD) on a CFX Connect™ Real-Time PCR
Detection System (BIO-RAD). Poplar UBQ11 (GeneBank Accession number: BU879229) was
used as reference gene [34]. The primer sets used for qPCR are SWO-F (5’GCTTTTTGTACAGCGTATCC-3’), SWO-R (5’-GGCTTTGTTTGTATCAGCTC-3’), UBQ11-F (5’-
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GTTGATTTTGCTGGGAAGC-3’), and UBQ11-R (5’-GATCTTGGCCTTCACGTTGT-3’). The qPCR
was conducted at an annealing temperature of 60°C and extension time of 30 seconds and
SWO transcript abundance was calculated by ΔCt method and calculated as ΔCt=2 –(Ct SWO –Ct
UBQ11) [35].

3.2.4 SWO filter paper assay
To determine activity of SWO in transgenic plants, filter paper was treated with TSP
of plants. 50mg of leaf tissue was ground into fine power under liquid nitrogen. 1ml 0.3M
sodium citrate (pH 4.8) was used to extract total soluble protein (TSP). Concentration of
TSP was measured by Bradford assay (Sigma-Aldrich) and all samples were diluted to
concentration of 0.05μg/μl.
No. 1 Whatman® filter papers were cut into small circles using a hole-punch. Fifteen
filter paper discs were treated using 1ml TSP in a 2ml sealed centrifuge tube. The treatment
was conducted at 200 rpm at 45°C for 48 hours [29]. Treated filter paper discs were
observed under an OLYMPUS CX31 microscope. Bright view images were captured by
MiniVID Camera.

3.2.5 Cell wall composition analysis
Cell wall composition was determined by acid hydrolysis [36]. Wood tissue was
ground by Wiley Mill to pass through a 40-mesh screen and underwent acetone extraction
to remove soluble extractives. Ground and extracted biomass (150-200 mg) was treated
with 3ml 72% sulfuric acid. The reactions were thoroughly mixed by stirring for ~40
seconds every 10min over 2 hours. Distilled water was added to achieve 4% final acid
concentration and the mixture autoclaved at 120°C for 60min. After hydrolysis, the samples
were vacuum filtered through pre-weighed medium crucibles. Carbohydrate concentration
in the hydrolysate was measured by ion-exchange chromatography (ICS3000, Dionex). Acid
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soluble lignin content was determined by absorbance at 205nm on spectrophotometer and
acid insoluble lignin was determined gravimetrically.

3.2.6 Pretreatment
Three plants per event underwent mild pretreatment in duplicate. Ground wood
tissue and 1% (w/w) sulfuric acid at ratio of 1:25 (wt/vol) were mixed in a serum bottle
and sealed. The mixture was autoclaved at 120 °C for 30 minutes. The solids remaining after
pretreatment were washed with 200ml ultrapure water to achieve a neutral pH and dried at
60 °C for 2 days to remove all water.

3.2.7 Enzymatic hydrolysis
Enzymatic hydrolysis was performed on three plants per event in triplicate using
Accellerase®1500 and Accellerase® XY (Dupont) based on previously described methods
[37]. Enzyme activity of Accellerase®1500 was measured before enzymatic hydrolysis to be
47 FPU/ml. 14 mg of pretreated wood biomass was prepared in 700ul buffer (containing
30 mM sodium citrate, pH 4.8 and 0.002% sodium azide) and used for enzymatic hydrolysis.
Biomass was hydrolyzed at 37°C with agitation by Accellerase®1500 at dosage of 20 FPU/g
glucan and Accellerase® XY at 0.1ml/ g dry biomass. Hydrolysis was conducted in a total
volume of 1.4 ml in 2ml screw cap microcentrifuge tube. A 0.1 ml aliquot was taken from
reaction tube at time points of 0, 12, 24, 72, and 120 hours. Aliquots were heated to 100°C
to inactivate enzymes before preparing for carbohydrate analysis. Glucose and xylose
concentrations were measured by ion-exchange chromatography (ICS3000, Dionex).
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3.2.8 Cellulose crystallinity measurement
The cellulose crystallinity index (CI) was measured by X-ray diffraction (XRD) at
Cornell High Energy Synchrotron Source (CHESS) with a beamline energy of 19.3 KeV as
described in [38]. CI was determined by the ratio of amorphous cellulose to crystalline
cellulose and calculated as I002−Iam/I002× 100, where I002 or Iam were the peak heights above
baseline at 22.5° or 18°, respectively [39].

3.2.9 Cellulose degree of polymerization measurement
Microanalytical analysis was used to determine α-cellulose content as described in
[40]. 200mg ground and extracted biomass was suspended in 4ml DI water and heated to
90°C for 5min. Four additions of 1ml acidified sodium chloride solution were carried out
every 30min. The samples were cooled in an ice bath and filtered through a coarse sintered
glass filter. Holocellulose left in the coarse sintered filter was washed with DI water
(3×50ml) and dried at 100°C. α-cellulose was extracted from approximately 50mg
holocellulose. 4mL of 17.5% sodium hydroxide was added and left to react for 30min. Then
4ml DI water was added and the sample stirred for 1min before being left to react for
29min. Each reaction was filtered through a coarse sintered glass filter and washed
thoroughly with DI water (3x30mL). Then each sample was soaked in 1 M acetic acid for
5min and washed with DI water (3x30mL). Extracted α-cellulose was dried at 100°C oven
and weighed. Cellulose degree of polymerization was measured as described at [41]
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3.3 Results
3.3.1 Transgenic poplar phenotype and SWO expression level
Constructs containing the SWO gene under control of the CaMV 35S or SCSV S7
promoter were transformed by Agrobacterium- mediated transformation into hybrid poplar
717-IB4 (P. tremula × alba ). Four CaMV-SWO and three SCSV-SWO transgenic events were
generated. Each event and corresponding non-transgenic control (WT) was propagated in
tissue culture and eight plants per line were grown in the greenhouse for four months. All
CaMV-1 plants had dehydrated shoot tips and developed multiple branches from axial buds
after two months. Because of these abnormal growth phenotypes, phenotypic
measurements were not conducted on CaMV-1. Plant height and stem diameters were
measured for all other events before harvest. CaMV-19 was statistically significantly
shorter than WT (Figure 11a). CaMV-17 had a narrower stem and CaMV-19 had a broader
stem compared to WT (Figure 11b). Three events, CaMV-17, CaMV-19, and SCSV-6, had
fewer leaves than WT (Figure 11c). Two of these lines, CaMV-17 and CaMV-19, had longer
internodes to compensate for fewer internodes (Figure 11d). CaMV-17 had significantly
reduced biomass relative to WT (Figure 11e), mostly due to decreased stem diameter
(Figure 11b).
SWO transcript abundances were measured in leaf and developing xylem tissue for
all events. CaMV-1 had the highest SWO expression level in both leaf and developing xylem
tissue (Figure 11f). High SWO expression is the probable cause for the abnormal plant
development observed in CaMV-1. CaMV-17 had moderate SWO expression levels. CaMV-19
and CaMV-20 had low SWO expression levels in leaf or developing xylem, respectively. SWO
transcripts in SCSV events were not detected by qPCR in leaf or developing xylem (Figure
11f).
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Figure 11. Comparison of four-month-old greenhouse-grown transgenic SWOoverexpressing poplar and WT control.
(a) Plant height; (b) stem diameter; (c) leaf count; (d) length of internode; (e) biomass
volume. Mean ± standard error, n≥ 5. * indicates P < 0.05. (f) Relative expression of
SWO in leaf and developing xylem in transgenic events and WT measured by qPCR
using UBQ11 as the internal control. Mean ± standard error; n = 3.
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3.3.2 Poplar-derived swollenin partially enlarge filter paper fibers
Total soluble protein extracted from leaf tissue of WT and CaMV-1 was used to treat
filter paper discs at 45°C for 48 hours. The results showed that there was no fiber
deagglomeration in filter paper treated with either WT or CaMV-1 derived TSP (Figure 12a,
7b). Partial enlargement of fibers was observed from CaMV-1 treated filter paper but not
from WT treated filter paper (Figure 12c, 7d), which has been observed at cotton fibers
treated by yeast-produced swollenin [23].

3.3.3 Effects of in planta SWO expression on cell wall chemistry and cellulose
crystallinity
Transgenic poplar overexpressing SWO had altered cell wall chemistry compared to
WT poplar. Several SWO overexpression events (CaMV-1, CaMV-17, CaMV-19, and SCSV-1)
had increased structural glucose contents (Table 8). CaMV-1 with the highest SWO
expression level showed highest glucose contents at 52.47mg/g compared to 47.47mg/g in
WT. Increased arabinose and galactose contents were observed in lines CaMV-17 and
CaMV-20, respectively. Reduced mannose contents were seen in CaMV-1, SCSV-1, and SCSV6 events. CaMV-1, CaMV-17, CaMV-19, and SCSV-1 had reduced total lignin compared to WT
by 4.6% to 6.8%, largely due to reduced Klason lignin (Table 8).
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Figure 12. Light microscopy of filter paper disks treated with TSP from leaf tissue.
WT (a, c) and CaMV-1 (b, d). Bright view images were captured at 100× total
magnification (a, b) to detect fiber deagglomeration; and at 400× total magnification (c,
d) to observe shapes of fibers.

93

Table 8. Cell wall composition of wood from transgenic and wild type poplar lines
Carbohydrates (%)
Events
CaMV-1

CaMV-17

CaMV-19

CaMV-20

SCSV-1

SCSV-2

SCSV-6

WT

Lignin (%)

Arabinose

Galactose

Glucose

Xylose

Mannose

Klason lignin

AS lignin

Total lignin

0.87

0.88

52.47*

16.76

1.48*

19.14

1.46

20.60*

± 0.05

± 0.03

± 0.80

± 0.69

± 0.13

± 0.46

± 0.44

± 0.19

0.96*

1.00

50.69*

18.21

2.13

19.47*

1.57

21.04*

± 0.04

± 0.03

± 0.88

± 0.68

± 0.18

± 0.29

± 0.32

± 0.09

0.91

1.00*

49.81*

19.90

2.04

18.73*

2.21

20.94*

± 0.04

± 0.03

± 0.65

± 0.10

± 0.03

± 0.32

± 0.11

± 0.41

0.90

0.98

47.90

18.60

2.19

20.25

1.52

21.77

± 0.04

± 0.04

± 0.53

± 0.54

± 0.11

± 0.16

± 0.31

± 0.38

0.87

0.93

49.82*

18.09

1.89*

19.54*

1.55

21.09*

± 0.03

± 0.02

± 0.45

± 0.11

± 0.03

± 0.27

± 0.04

± 0.26

1.17

1.12

48.98

18.27

2.05

19.35*

2.09

21.45

± 0.15

± 0.09

± 0.50

± 0.46

± 0.17

± 0.27

± 0.15

± 0.40

0.90

0.96

49.35

18.73

1.87*

19.92*

1.72

21.64

± 0.06

± 0.04

± 0.57

± 0.44

± 0.02

± 0.13

± 0.45

± 0.33

0.84

0.90

47.47

18.35

2.17

20.30

1.82

22.12

± 0.03

± 0.03

± 0.78

± 0.27

± 0.10

± 0.12

± 0.18

± 0.07

*indicates significant differences in comparison with WT at p < 0.05 (Student‘s t-test). n = 3
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Cellulose crystallinity of transgenic events and WT was measured by X-ray
diffraction and calculated as a ratio of amorphous cellulose to crystalline cellulose as
cellulose crystallinity index (Cl). CaMV-20 and SCSV-6 had increased Cl compared to WT,
which indicated more crystalline cellulose structure than in WT (Table 9). The degree of
polymerization (DP) of cellulose in transgenic lines and WT was determined. There were no
differences between transgenic lines and WT cellulose DP (Table 9).

3.3.4 In planta overexpression of SWO improved cellulose saccharification
Extractive free wood underwent a mild acid pretreatment (1% sulfuric acid, 120°C
for 30min) followed by enzymatic hydrolysis using commercial cellulases and xylanase.
Enzymatic hydrolysis products were collected and analyzed for glucose concentration by IC
at 0, 12, 24, 48, 72 and 120 hours. Variations in glucan conversion rates were observed
among transgenic events. Transgenic events with high and moderate SWO expression levels
(CaMV-1 and CaMV-17) had increased glucan conversion rates relative to WT from 0 hour
to 120 hour. Differences of saccharification efficiency compared with WT were not observed
in other transgenic events (Figure 13).
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Table 9. Cellulose crystallinity index (Crl) and degree of polymerization (DP) in
stem tissue of transgenic and wild type lines
Event

Crl (%)

DP

CaMV-1

43.16

7559

± 0.67

± 1081

42.91

5564

± 1.23

± 389

46.79

6064

± 1.51

± 786

47.11*

12852

± 0.64

± 7902

44.62

6265

± 2.21

± 549

43.63

5672

± 0.85

± 793

45.02*

7962

± 0.66

± 2277

43.21

5070

± 0.34

± 419

CaMV-17

CaMV-19

CaMV-20

SCSV-1

SCSV-2

SCSV-6

WT

*indicates significant differences in comparison with WT at p < 0.05 (Student‘s t-test). n = 3
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Figure 13. Glucan conversion rates of pretreated biomass of transgenic events and
WT at six time points.
Ground stem tissue underwent a mild acid pretreatment followed by enzymatic
hydrolysis. Each point represent a mean ± standard error, n =3.
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3.4 Discussion
Efficient, low-cost degradation of lignocellulosic biomass is a common goal in
ongoing research. Cellulases including endoglucanase, exoglucanase, and β-glycosidase are
required to hydrolyze cellulose to glucose. Previous research has found that accessory
enzymes can act to enhance cellulase performance [42]. The most widely studied accessory
enzymes include those responsible for the break down of hemicellulose such as xylanase
and galactomannanase [43,44]. Synergistic effects have been confirmed between cellulases
and hemicellulases, which could be explained by degradation of surrounding
hemicelluloses, making cellulose more accessible. Besides hemicellulose-degrading
enzymes, swollenin from T. reesei has also has found to accelerate hydrolysis efficiency
when applied to biomass. Swollenin was identified as a non-hydrolytic enzyme that acts to
swell and expand cotton fibers [23]. This enzyme has been heterologously expressed in
foreign microorganism hosts including Escherichia coli, Saccharomyces cerevisiae, and
Kluyveromyces lactis [23,29]. Purified swollenin from these studies has been confirmed to
reduce crystallinity of cellulosic substrates and disperse cellulose microfibrils [23,29].
Subtle hydrolytic activity of swollenin to glucan substrates has sometimes been detected
[24,25], where β-glucan treated with purified SWO released small amounts of
oligosaccharides. However, the hydrolytic activities detected from this previous research
were too weak to cause disruptive effects on cellulosic material [24].
To better understand the direct effect of in planta expression of T. reesei swollenin
on lignocellulosic feedstocks, especially on resultant biomass, cell wall composition, and
cellulose structure, SWO was overexpressed in hybrid poplar (Populus tremula × alba)
under the control of either the constitutive CaMV 35S promoter or the putative vascular
tissue specific SCSV S7 promoter. The transgenic poplar lines were also assessed for
changes in cell wall chemistry and potential advantages as feedstock for biofuel production.
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3.4.1 Transgenic poplar lines produced bioactive SWO
Partial enlargement of fibers was found in filter paper treated with TSP of CaMV-1
but was absent in that of WT, suggested that poplar-derived SWO maintained its nonhydrolytic activity to disrupt glycan material similar to yeast-derived SWO [23]. However,
fiber deagglomeration, which has been observed in filter paper treated by K. lactis-derived
SWO at concentration of 20mg SWO/g cellulose [29], was not displayed in filter paper
treated with TSP of SWO overexpression transgenic events. Absence of fiber
deagglomeration in this study could be due to insufficient SWO concentration in the plant
derived total soluble protein used in the assay. The results indicated poplar does not
produce SWO to a high expression level relative to other soluble proteins using simple
overexpression system. Low SWO accumulation in planta could be the result of
overglycosylation, which has been found in S. cerevisiae and A. niger-produced SWO [23]. It
also could be the result of degradation of SWO transcript in the plant cell, which is
sometimes seen when using plants to produce foreign proteins [45].

3.4.2 In planta SWO expression resulted in pleiotropic phenotypes in
transgenic hybrid poplar
Despite the low SWO accumulation in plant cells, the CaMV-1 event with the highest
SWO transcripts had shoot tip necrosis when transgenic poplar lines reached approximately
0.5 m in height. The death of the main stem resulted in new side branches developing near
the top of the plant. One of the transgenic events with relatively lower SWO expression,
CaMV-17, had reduced stem diameter and decreased biomass compared to WT. Negative
phenotypes from SWO overexpression, such as dehydrated apical meristems and reduced
biomass production suggested in planta expression of SWO may negatively impact xylem
integrity through interaction with substrates in the cell wall and therefore interfere with
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water transportation in plant hosts. The activity of SWO on cell wall components can be
summarized into (1) loosening/swelling cellulose through non-hydrolytic activity [23]; (2)
dispersing cellulose microfibrils through interaction with the cellulose binding domain
(CBD) [46]; and (3) cleaving of cellulose through hydrolytic activities [23].
Previous work showed that plant expansins play a role in cell wall extension
through weakening the noncovalent interaction of cell wall components [47]. When αexpansin was overexpressed in rice, the plants displayed reduced plant height and had
sterile seeds [48]. This provides evidence that in planta ectopic expression of nonhydrolytic cell wall loosening enzymes can cause negative effects on plant growth and
development. However, because of weak and debatable hydrolytic activities of SWO on
cellulose, it is unlikely that the abnormal phenotype of the transgenic lines were due to
hydrolytic activity. In Swo-expressing poplar, there was no difference in cellulose DP
relative to wild type, suggesting little to no hydrolytic activity of in planta expressed SWO.
While there was no effect on DP, there was still a phenotypic effect of Swo expression. It is
possible that this is due to the N-terminal CBD. CBDs have previously been reported to
disrupt crystalline cellulose structure and enhance cellulase efficiency during in vitro
experiments [46]. CBD expression has also been shown to impact root elongation in a dosedependent manner and high CBD concentrations inhibited root elongation [49]. Besides
interactions between SWO and cellulose, SWO has also been reported to hydrolyze
galactolipids and interfere with metabolism in chloroplasts resulting in depigmentation in
leaves [30]. It is possible that accumulating SWO in the cytosol interacts with other
molecules and inhibits normal biochemical reactions in the plant cell, thereby reducing
plant growth.
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3.4.3 In planta overexpression of SWO results in altered cell wall composition
and structure
In planta expression of SWO resulted in decreased lignin content in transgenic
events. Previous research reported that T. reesei SWO had a much higher binding affinity for
lignin than cellulose [25]. Therefore, lignin polymerization/deposition could be disrupted
by interaction between SWO and lignin molecules, resulting in reduced lignin content in
transgenic events. Increased structural glucose content was also seen in several
overexpression lines. Both non-hydrolytic activities and disruptive hydrolytic activities of
SWO directly acting on cellulose are unlikely to increase cellulose content in plant cell wall.
However, it is possible that in planta SWO activity mimics plant expansin activity to loosen
the plant cell wall by breaking polysaccharide networks and triggering turgor-driven cell
enlargement [21]. Plant cells respond to the SWO-induced cell expansion by enhancing
cellulose biosynthesis.
Surprisingly, two transgenic events had increased cellulose crystallinity compared
to WT. This result contradicts previous research that showed cellulosic substrates (filter
paper, α-cellulose, Avicel) had decreased cellulose crystallinity after being treated with
SWO [29] or unchanged cellulose crystallinity in the case of Avicel PH-101 being treated
with T. reesei native SWO [25]. Most cellulosic substrates in previous research were low
crystalline material and assays were conducted in vitro. The different results seen in this
study could be due to more complex material, as experiments were carried out on plant
biomass. Also, in planta SWO had influenced plant growth and cell wall composition, which
may have impacted cellulose crystallinity.
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3.4.4 Expression of SWO enhanced saccharification efficiency of transgenic
plant biomass
Mild acid-pretreated SWO overexpressing transgenic poplar showed enhanced
saccharification efficiency over WT. Previous results have shown that SWO disrupted
cellulose microfibril structure and increased adsorption of cellulases on cellulosic
substrates of filter paper, α-cellulose, and Avicel [29]. Enhanced saccharification efficiency
by SWO in in vitro experiments could be due to decreased cellulose crystallinity, reduced
hemicellulose or lignin, or the direct hydrolytic activity of SWO on the substrate. Improved
glucan saccharification rates from in planta expression of SWO in this study is possibly
correlated with decreased lignin content since decreased cellulose crystallinity was not
displayed in transgenic lines and the degree of cellulose polymerization was unchanged,
suggesting that there were no strong hydrolytic activities of SWO on cellulose.
While the improvements in poplar lines expressing SWO were offset by reductions
in biomass production, the gain in terms of glucose release was significant. However,
negative effects of in planta SWO on plant hosts could be alleviated by the inducible
expression of SWO.

3.4.5. Conclusion
This study analyzed the impact of overexpressing T. reesei SWO in hybrid poplar and
successfully produced active SWO in planta, which partially enlarged filter paper fibers
through non-hydrolytic activity. In planta expression of SWO had negative impact on
growth of plant hosts. Transgenic poplar showed increased glucose and reduced lignin
contents but did not display changed cellulose DP, supporting the hypothesis that SWO does
not exhibit hydrolytic activity. SWO-overexpressing transgenic poplar lines had enhanced
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cellulose saccharification efficiency relative to wild type, suggesting in planta expression of
SWO could be beneficial to ethanol production from lignocellulosic biomass.

3.5 References
1. Chen F, Dixon RA (2007) Lignin modification improves fermentable sugar yields for
biofuel production. Nature Biotechnology 25 (7):759-761
2. Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW, Foust TD (2007)
Biomass recalcitrance: engineering plants and enzymes for biofuels production. science 315
(5813):804-807
3. McCann MC, Carpita NC (2008) Designing the deconstruction of plant cell walls. Current
Opinion in Plant Biology 11 (3):314-320
4. Pauly M, Keegstra K (2010) Plant cell wall polymers as precursors for biofuels. Current
Opinion in Plant Biology 13 (3):304-311
5. Guerriero G, Hausman JF, Strauss J, Ertan H, Siddiqui KS (2016) Lignocellulosic biomass:
Biosynthesis, degradation, and industrial utilization. Engineering in Life Sciences 16 (1):116
6. Yang B, Wyman CE (2008) Pretreatment: the key to unlocking low-cost cellulosic ethanol.
Biofuels, Bioproducts and Biorefining 2 (1):26-40
7. Kim JS, Lee Y, Kim TH (2016) A review on alkaline pretreatment technology for
bioconversion of lignocellulosic biomass. Bioresource Technology 199:42-48
8. Liu G, Zhang J, Bao J (2016) Cost evaluation of cellulase enzyme for industrial-scale
cellulosic ethanol production based on rigorous Aspen Plus modeling. Bioprocess and
Biosystems Engineering 39 (1):133-140
9. Badhan A, Jin L, Wang Y, Han S, Kowalczys K, Brown DC, Ayala CJ, Latoszek-Green M, Miki
B, Tsang A (2014) Expression of a fungal ferulic acid esterase in alfalfa modifies cell wall
digestibility. Biotechnology for Biofuels 7 (1):39
10. Brunecky R, Selig MJ, Vinzant TB, Himmel ME, Lee D, Blaylock MJ, Decker SR (2011) In
planta expression of A. cellulolyticus Cel5A endocellulase reduces cell wall recalcitrance in
tobacco and maize. Biotechnology for Biofuels 4 (1):1-11
11. Buanafina MMdO, Langdon T, Dalton S, Morris P (2012) Expression of a Trichoderma
reesei β-1, 4 endo-xylanase in tall fescue modifies cell wall structure and digestibility and
elicits pathogen defence responses. Planta:1-18
12. Gandla ML, Derba-Maceluch M, Liu X, Gerber L, Master ER, Mellerowicz EJ, Jönsson LJ
(2015) Expression of a fungal glucuronoyl esterase in Populus: Effects on wood properties
and saccharification efficiency. Phytochemistry 112:210-220
13. Zhang D, VanFossen AL, Pagano RM, Johnson JS, Parker MH, Pan S, Gray BN, Hancock E,
Hagen DJ, Lucero HA (2011) Consolidated pretreatment and hydrolysis of plant biomass
expressing cell wall degrading enzymes. BioEnergy Research 4 (4):276-286

103

14. Kimura T, Mizutani T, Sun J-L, Kawazu T, Karita S, Sakka M, Kobayashi Y, Ohmiya K,
Sakka K (2010) Stable production of thermotolerant xylanase B of Clostridium stercorarium
in transgenic tobacco and rice. Bioscience, Biotechnology, and Biochemistry 74 (5):954-960
15. IGray BN, Bougri O, Carlson AR, Meissner J, Pan S, Parker MH, Zhang D, Samoylov V,
Ekborg NA, Michael Raab R (2011) Global and grain-specific accumulation of glycoside
hydrolase family 10 xylanases in transgenic maize (Zea mays). Plant Biotechnology Journal
9 (9):1100-1108. doi:10.1111/j.1467-7652.2011.00632.x
16. Klose H, Gunl M, Usadel B, Fischer R, Commandeur U (2013) Ethanol inducible
expression of a mesophilic cellulase avoids adverse effects on plant development.
Biotechnology for Biofuels 6 (1):53
17. Petersen K, Bock R (2011) High-level expression of a suite of thermostable cell walldegrading enzymes from the chloroplast genome. Plant Mol Biol 76 (3-5):311-321
18. Shen B, Sun X, Zuo X, Shilling T, Apgar J, Ross M, Bougri O, Samoylov V, Parker M,
Hancock E (2012) Engineering a thermoregulated intein-modified xylanase into maize for
consolidated lignocellulosic biomass processing. Nature Biotechnology 30 (11):1131-1136
19. Ziegler MT, Thomas SR, Danna KJ (2000) Accumulation of a thermostable endo-1, 4-β-Dglucanase in the apoplast of Arabidopsis thaliana leaves. Molecular Breeding 6 (1):37-46
20. Chou H, Dai Z, Hsieh C, Ku M (2011) High level expression of Acidothermus cellulolyticus
beta-1, 4-endoglucanase in transgenic rice enhances the hydrolysis of its straw by cultured
cow gastric fluid. Biotechnology for Biofuels 4:58
21. Cosgrove DJ (2000) Loosening of plant cell walls by expansins. Nature 407 (6802):321326
22. Brotman Y, Briff E, Viterbo A, Chet I (2008) Role of swollenin, an expansin-like protein
from Trichoderma, in plant root colonization. Plant Physiology 147 (2):779-789
23. Saloheimo M, Paloheimo M, Hakola S, Pere J, Swanson B, Nyyssönen E, Bhatia A, Ward M,
Penttilä M (2002) Swollenin, a Trichoderma reesei protein with sequence similarity to the
plant expansins, exhibits disruption activity on cellulosic materials. European Journal of
Biochemistry 269 (17):4202-4211
24. Andberg M, Penttilä M, Saloheimo M (2015) Swollenin from Trichoderma reesei exhibits
hydrolytic activity against cellulosic substrates with features of both endoglucanases and
cellobiohydrolases. Bioresource Technology 181:105-113
25. Eibinger M, Sigl K, Sattelkow J, Ganner T, Ramoni J, Seiboth B, Plank H, Nidetzky B
(2016) Functional characterization of the native swollenin from Trichoderma reesei: study
of its possible role as C 1 factor of enzymatic lignocellulose conversion. Biotechnology for
Biofuels 9 (1):178
26. Gourlay K, Hu J, Arantes V, Andberg M, Saloheimo M, Penttilä M, Saddler J (2013)
Swollenin aids in the amorphogenesis step during the enzymatic hydrolysis of pretreated
biomass. Bioresource Technology 142:498-503
27. Wang Y, Tang R, Tao J, Gao G, Wang X, Mu Y, Feng Y (2011) Quantitative investigation of
non-hydrolytic disruptive activity on crystalline cellulose and application to recombinant
swollenin. Appl Microbiol Biotechnol 91 (5):1353
104

28. Wang M, Cai J, Huang L, Lv Z, Zhang Y, Xu Z (2010) High-level expression and efficient
purification of bioactive swollenin in Aspergillus oryzae. Applied Biochemistry and
Biotechnology 162 (7):2027-2036
29. Jäger G, Girfoglio M, Dollo F, Rinaldi R, Bongard H, Commandeur U, Fischer R, Spiess AC,
Büchs J (2011) How recombinant swollenin from Kluyveromyces lactisaffects
cellulosicsubstrates and accelerates their hydrolysis. Biotechnology for Biofuels 4 (1):33
30. Verma D, Jin S, Kanagaraj A, Singh ND, Daniel J, Kolattukudy PE, Miller M, Daniell H
(2013) Expression of fungal cutinase and swollenin in tobacco chloroplasts reveals novel
enzyme functions and/or substrates. PLoS One 8 (2):e57187
31. Taylor LE, Dai Z, Decker SR, Brunecky R, Adney WS, Ding S-Y, Himmel ME (2008)
Heterologous expression of glycosyl hydrolases in planta: a new departure for biofuels.
Trends in Biotechnology 26 (8):413-424
32. Larson PR, Isebrands J (1971) The plastochron index as applied to developmental
studies of cottonwood. Canadian Journal of Forest Research 1 (1):1-11
33. Kolosova N, Miller B, Ralph S, Ellis BE, Douglas C, Ritland K, Bohlmann J (2004) Isolation
of high-quality RNA from gymnosperm and angiosperm trees. Biotechniques 2:353-359
34. Brunner AM, Yakovlev IA, Strauss SH (2004) Validating internal controls for quantitative
plant gene expression studies. BMC Plant Biology 4 (1):14
35. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative CT
method. Nature Protocols 3 (6):1101
36. Ruiz R, Scarlata C, Sluiter J, Templeton D, Crocker D (2011) Determination of Structural
Carbohydrates and Lignin in Biomass. National Renewable Energy Laboratory Technical
Report NREL
37. Resch M, Baker J, Decker S (2015) Low solids enzymatic saccharification of
lignocellulosic biomass. NREL Laboratory Analytical Procedure
38. Harris DM, Corbin K, Wang T, Gutierrez R, Bertolo AL, Petti C, Smilgies D-M, Estevez JM,
Bonetta D, Urbanowicz BR (2012) Cellulose microfibril crystallinity is reduced by mutating
C-terminal transmembrane region residues CESA1A903V and CESA3T942I of cellulose
synthase. Proceedings of the National Academy of Sciences 109 (11):4098-4103
39. Segal L, Creely J, Martin Jr A, Conrad C (1959) An empirical method for estimating the
degree of crystallinity of native cellulose using the X-ray diffractometer. Textile Research
Journal 29 (10):786-794
40. Yokoyama T, Kadla J, Chang H (2002) Microanalytical method for the characterization of
fiber components and morphology of woody plants. Journal of Agricultural and Food
Chemistry 50 (5):1040-1044
41. Huang Y, Wei X, Zhou S, Liu M, Tu Y, Li A, Chen P, Wang Y, Zhang X, Tai H (2015) Steam
explosion distinctively enhances biomass enzymatic saccharification of cotton stalks by
largely reducing cellulose polymerization degree in G. barbadense and G. hirsutum.
Bioresource technology 181:224-230
42. Bhat M (2000) Cellulases and related enzymes in biotechnology. Biotechnology
Advances 18 (5):355-383
105

43. Hu J, Arantes V, Saddler JN (2011) The enhancement of enzymatic hydrolysis of
lignocellulosic substrates by the addition of accessory enzymes such as xylanase: is it an
additive or synergistic effect? Biotechnology for Biofuels 4 (1):36
44. Berlin A, Gilkes N, Kilburn D, Bura R, Markov A, Skomarovsky A, Okunev O, Gusakov A,
Maximenko V, Gregg D (2005) Evaluation of novel fungal cellulase preparations for ability
to hydrolyze softwood substrates–evidence for the role of accessory enzymes. Enzyme and
Microbial Technology 37 (2):175-184
45. Doran PM (2006) Foreign protein degradation and instability in plants and plant tissue
cultures. Trends in Biotechnology 24 (9):426-432
46. Din N, Gilkes NR, Tekant B, Miller RC, Warren RAJ, Kilburn DG (1991) Non–hydrolytic
disruption of cellulose fibres by the binding domain of a bacterial cellulase. Nature
Biotechnology 9 (11):1096-1099
47. Cosgrove DJ (1996) Plant cell enlargement and the action of expansins. BioEssays 18
(7):533-540
48. Choi D, Lee Y, Cho H-T, Kende H (2003) Regulation of expansin gene expression affects
growth and development in transgenic rice plants. The Plant Cell 15 (6):1386-1398
49. Shani Z, Shpigel E, Roiz L, Goren R, Vinocur B, Tzfira T, Altman A, Shoseyov O (1999)
Cellulose binding domain increases cellulose synthase activity in Acetobacter xylinum, and
biomass of transgenic plants. In: Plant Biotechnology and In Vitro Biology in the 21st
Century. Springer, pp 213-218

106

Chapter 4. Evaluating an inducible hyper-expression
platform, In Plant Activation Technology (INPACT), in
poplar
4.1 Introduction
In planta recombinant protein expression has numerous advantages over traditional
microorganism or mammalian cell line expression platforms. Plant production systems
require low capital investment and hold great ability for scale-up production [1,2]. In
addition, because of conserved eukaryotic post-translation modification, plants are able to
produce proteins from other eukaryotes with normal function. A variety of plant species
have been used for protein production, and the products include various pharmaceutical
molecules, which when produced from bacterial systems often have incorrect protein
modification [3] or high associated costs when produced in mammalian cell lines [4].
Although plant heterologous protein production retains unique advantages, low product
yield is one of the hurdles preventing wide range industrial applications. To overcome this
barrier, various approaches have been used to boost in planta expression.
The use of virus-based vectors to drive recombinant protein expression in plants
has been widely studies. Generally, plant viruses are efficient pathogens employing smallsize genomes to infect host cells and produce large quantities of protein [5]. For example,
mastreviruses, a type of single-strand DNA virus, encode replication initiation proteins to
generate double-strand DNA intermediates and utilize a rolling circle mechanism for
efficient replication [6]. In the native mastrevirus, two types of intergenic regions – long and
short intergenic regions (LIR, SIR) are located at opposite positions in the viral genome. The
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SIR contains the origin of complementary strand (c-strand) synthesis; the LIR contains a bidirectional promoter and a stem-loop structure for initiation of rolling cycle replication. A
coding sequence encodes two proteins on the complementary sense (c-sense) or virussense (v-sense) strand for two replication initiation proteins, Rep or RepA respectively. A
movement protein (MP) and a capsid protein (CP) are encoded from virus genome on vsense strand [7]. During virus replication, c-strand DNA synthesis starts at the SIR, forming
a double strand DNA intermediate. Binding of Rep/RepA to the LIR triggers initiation of
rolling cycle replication of the virus [8]. Mastreviruses have been modified for in planta
protein production by removing the MP and CP coding sequences while retaining the coding
sequences for the replication mechanism. In these plant expression systems, elements
required for mastrevirus replication are embedded in the vectors rendering theoretical high
expression of recombinant proteins in plants. Mastrevirus vectors carrying desired
transgenes have been used to produce vaccines and successfully produced heterologous
protein to high level [9,10].
For proteins which are harmful to plants, such as cellulases used to break down
cellulose to glucose for the production of ethanol, heterologous expression in planta would
compromise plant growth and development. Previous research found that constitutive in
planta expression of cellulases results in slow growth, deficient photosynthesis, or
infertility [11-13]. Inducible expression systems could prevent detrimental effects of in
planta cellulase expression, as they allow temporal control of transgene expression.
The ideal in planta protein expression system should fulfill the need for both high
levels of transgene expression and inducible expression. In Plant ACTivation (INPACT)
technology, which utilizes replication machinery from tobacco yellow dwarf mastrevirus
(TYDV) has successfully driven hyperexpression of desired proteins after ethanol induction
in tobacco [14,15]. The gene of interest (GOI) contains a synthetic intron (syntron) between
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the first and second exon (Figure 14a). This gene is then ‘split’ within the syntron, such that
the 3′ part of the gene is upstream of its 5′ end. In the split gene construct, the split gene
cassette is flanked by the LIR sequences of TYDV; and SIR sequence is placed between the
two parts of GOI sequence (Figure 14a). In addition to this split gene cassette, and in order
to achieve induction, the alcohol inducible promoter system originating from the
ascomycete fungus Aspergillus nidulans is utilized and integrated into the ‘Alc-Rep’
construct. AlcR, an ethanol-activated transcription factor and alcA, an AlcR-responsive
promoter are the two elements in the AlcR-AlcA ethanol induction system. In the INPACT
system, Rep/RepA is placed under the control of the alcA promoter (Figure 14a). When
utilizing INPACT to express desired proteins, transgenes will not be expressed in the
absence of ethanol. When the plants are exposed to ethanol, the INPACT system will be
induced. First the replication initiation protein will be produced by the activation of the
AlcA promoter. This will then trigger the replication of the split gene and the production of
a circular, extra-chromosomal single strand DNA episome. In this circularized episome, the
GOI cassette is in the correct order for transcription. The single strand DNA episome will be
converted to a double strand by c-strand synthesis starting at the SIR. The resultant doublestrand episome is able to be transcribed and replicated. mRNA transcripts of the GOI retain
the syntron sequence, which is then spliced to generate mature mRNA (Figure 14b).
Replication of the episome produces multiple copies of a transgene, resulting in high levels
of gene expression and high levels of active protein.
INPACT has been confirmed in the model plant Nicotiana benthamiana through
generation of stable transgenic plants. However, its capability for expression of
heterologous proteins in other plant species, especially crops with economical value, has
never been tested. Ultimately, the goal of this project is to produce high levels of the
cellulase enzymes required for hydrolysis of plant biomass for biofuels production in
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poplar, an ideal energy crop, using INPACT technology. Prior to proceeding with this aim,
we first assessed the INPACT system as a source for heterologous protein expression in
poplar using the β-glucuronidase (GUS) reporter protein. In coordination with the
assessment of the original INPACT system, we also assessed the use of INPACT in
coordination with apoplast targeting of proteins and tissue specific promoters to further
harness the power of in planta protein expression.

4.2 Methods
4.2.1 Vector generation
The GUS gene was driven by either the Cauliflower Mosaic Virus 35S promoter
(35S) or vascular tissue specific cellulose synthase A subunit8 (CesA8) promoter. The AlcRep construct, split-35S-GUS construct, and 35S-GUS construct were generously provided
by Professor James L. Dale at the Queensland University of Technology. The Alc-Rep
cassette contains the AlcR-AlcA ethanol induction system and the Rep/RepA coding
sequence (Figure 14b); the 35S-GUS cassette contains the GUS coding sequence driven by
the CaMV 35S promoter with the syntron sequence between exon1 and exon2 (Figure 14a);
the split-35S-GUS cassette contains the GUS reporter gene in a split orientation such that
the 3′ end is upstream of 5′ end, with the two exons separated by the TYDV SIR. The split35S-GUS cassette is flanked by TYDV LIR (Figure 14a). The split-CesA8-GUS or CesA8-GUS
cassette were made by replacing the 35S promoter with the CesA8 promoter in split-35SGUS or 35S-GUS cassette, respectively.
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Figure 14. Schematic representation of the required constructs (a) and the overall
INPACT system (b).
Red arrows indicate location of primers to detect circular episomes Figure is modified
from [14]/

111

4.2.2 Transgenic poplar generation
4.2.2.1 Mother line generation
The Alc-Rep construct was transformed into Agrobacterium tumefaciens GV3103.
Hybrid poplar (Populus alba × P. grandidentata) was transformed using A. tumefaciens
harboring individual constructs as previously described [16]. Leaf discs were cut from
tissue culture- grown wild type (WT) hybrid poplar, and co-incubated with A. tumefaciens
containing the construct of interest for 15 min. Leaf discs were blot-dried on sterile filter
paper and placed on woody plant medium (WPM) containing 0.1μM Thidiazuron (TDZ),
0.1μM 1-Naphthaleneacetic acid (NAA), and 0.1μM 6-Benzylaminopurine (BA) for 2 days in
the dark. After that leaf discs were transferred and cultured into same WPM containing 500
mg/L carbenicillin for 2 days in the dark and were followed transferring to WPM containing
300 mg/L carbenicillin and 50 mg/L kanamycin After 4-5 weeks, existing shoots (one per
clump) were transferred to shooting medium (WPM containing 0.1μM BA and kanamycin)
for one month and then transferred to rooting medium (WPM containing 0.1μM NAA and
kanamycin). Regenerated plants shoots were confirmed as transgenic using genomic PCR.to
specifically amplify the kanamycin gene (Table 10). Confirmed Alc-Rep transgenic events
were propagated into multiple lines in tissue culture and then grown in greenhouse for two
months at growing conditions of 16h light (22°C) and 8h dark (18°C). To select the mother
line for super transformation, the Alc-Rep transgenic events were induced using 1% ethanol
through leaf spray and root drench. Rep transcripts were determined before and after
ethanol induction by RT-PCR or qPCR, respectively. Lines with no expression prior to
induction were selected as mother line candidates. Among candidates events, the line with a
Rep expression profile similar to previous research [14] was selected as mother line.
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Table 10. Primer sets used in the project.
Gene

PCR

Primer sets

Kan

Genomic PCR

Kan-F: ATGGGGATTGAACAAGATGG
Kan-R: GAAGAACTCGTCAAGAAGGC

Hyg

Genomic PCR

Hyg-F: ATGAAAAGCCTGAACTCAC
Hyg-R: CTATTTCTTTGCCCTCGGAC

Rep

qPCR

Rep-F: GAACTATTATCCAGACTGCGACTTC
Rep-R: TGAGGAAATTCATCCTTTATCATGT

EF1b

qPCR

EF1b-F: GGCATTAAGTTTTGTCGGTCTG
EF1b-F: GCGGTTCATCATTTCATCTGG

GUS

Genomic PCR

GUS-F: ATGGTCCGTCCTGTAGAAAC
GUS-R: GTTGATTCATTGTTTGCCCTC
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4.2.2.2 INPACT line generation
The selected motherline other line was then supertransformed with the split
constructs to generate complete INPACT lines containing both cassettes using the same
method described above with the exception that kanamycin was replaced by hygromycin
for selection. Transgenic events were confirmed using genomic PCR to amplify the
hygromycin gene (Table 10). Confirmed INPACT transgenic events were propagated into
multiple lines in tissue culture and then grown in greenhouse for two months at growing
conditions of 16h light (22°C) and 8h dark (18°C)

4.2.3. Ethanol induction and sample harvest
Ethanol induction was conducted through leaf spray and root drench of 1% ethanol.
Leaf spray was applied through pouring 500ml 1% ethanol from top of a plant. Roots were
drenched using 1% ethanol directly applied to the soil until liquid ran through the pot.
Plant samples were harvested immediately before ethanol induction and then at 3, 5, 7, and
9 days after induction (DAI). Leaf tissue and developing xylem tissue were collected for
analysis. The plant development stage was determined by plastochron index [17]. The first
leaf longer than 5cm was assigned as P0 and the leaf was immediately below P0 was
assigned as P1. Samples collected are displayed in Table 11. Developing xylem tissue was
scraped from stem sections between P10-P30 after removal of bark.
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Table 11. Samples collected at experiments
Transgenic
poplar

Sample before or after
ethanol induction

Leaf tissue

Developing xylem

Alc-Rep

0 DAI

P11, P12

N/A

3 DAI

P13, P14

N/A

5 DAI

P15, P16

N/A

7 DAI

P17, P18

Stem from P10-P30

0 DAI

P15, P16

Stem from P10-P30

5 DAI

P15, P16

Stem from P10-P30

7 DAI

P15, P16

Stem from P10-P30

9 DAI

P15, P16

Stem from P10-P30

11 DAI

P15, P16

Stem from P10-P30

0, 5, 7, 9 ,11 DAI

P15, P16

Stem from P10-P30

INPACT lines

35S-GUS;
CesA8-GUS;
WT
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4.2.4 Rep gene expression
RNA extraction from greenhouse-grown plant tissue was conducted following twoday protocol as described at [18]. 1ug extracted RNA per sample was used for cDNA
synthesis following manufacturer’s instruction (Invitrogen) after DNAase treatment. cDNA
was used as the template for qPCR to measure Rep transcript abundance. Elongation factor
1B (EF1b, POPTR_0009s02370g)served as a reference gene [19]. Primers sets for Rep and
EF1b are shown in Table 10. Rep transcript abundance was calculated using the ΔCt
method, ΔCt = 2 –(Ct Rep –Ct EF1b) [20].

4.2.5 β-glucuronidase Activity Assay
Leaf and developing xylem tissue was ground to fine powder under liquid nitrogen.
Total soluble protein (TSP) was extracted from 50 mg leaf and developing xylem tissue as
previously described [21]. TSP concentration was measured using a Bradford assay (SigmaAldrich) according to product manual. Each sample was diluted to TSP concentration of
0.1ug/ml. 5ug TSP was reacted with 25ul 4-methylumbelliferone β-D-galactopyranoside
(MUG) substrate solution at 37°C. The reaction was stopped by addition of 0.36M Na2CO3
solution at 0 and 10min. The presence of 4-methylumbelliferone (4Mu) was excited at
wavelength of 360 nm and fluorescence was measured at 465 nm. Readings were conducted
in triplicate. Enzymatic activity was calculated as the reaction rate (uM4Mu/min/0.1μg
TSP) over 10 min reaction periods.

4.2.6 Poplar DNA extractions
Approximate 100 mg of plant tissue was snap frozen and ground in liquid nitrogen.
To the ground tissue was added 1ml cetyltrimethylammonium bromide (CTAB) solution
containing 2% CTAB, 1.4M NaCl, 2mL EDTA, 100mM Tris HCl, 1% PVP and 0.2% mercaptoethanol. Samples were incubated at 65 °C for 45 min and then centrifuged at 14000 rpm for
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10min. Supernatants were transferred into a 2ml tube and 900μl of phenol-chloroform IAA
was added. The samples were mixed by inversion and centrifuged at 14000 rpm for 10min.
700μl of the aqueous upper layer was moved to a fresh 1.5ml tube and 350μl isopropanol
was added to precipitate the DNA. Pellets were washed with 75% ethanol and dried in
speed-vacuum for 25min at room temperature. DNA was resuspended in 50μl of water for
PCR to detect episomes serving as templates.

4.3 Results
4.3.1 Expression of Rep was induced by ethanol induction
Populus alba × P. grandidentata poplar were transformed with the Alc-Rep
construct. Sixteen transgenic poplar lines were confirmed using genomic PCR to contain the
Alc-Rep construct. Each transgenic line was propagated into multiple plants (n>12) in tissue
culture and grown in the greenhouse for three months. In order to confirm that the system
was not activated in the absence of ethanol, we used qRT-PCR to measure RNA transcript
level. Rep transcript was detected in 11 transgenic lines before ethanol induction (data not
shown) and these lines were removed as potential mother lines. The remaining 5 lines,
candidates for the mother line, were induced with 1% ethanol leaf spray and root drench.
Leaf samples were collected at 3, 5, and 7 days and developing xylem was collected at 7
days after induction (DAI), respectively. Samples were assessed for Rep transcript
abundance by qPCR. The results showed that expression of Rep was induced by 1% ethanol
in both leaf and developing xylem. Variances in the Rep expression profiling were seen
among the five transgenic lines. Based on previous work, we were looking for lines with a
clear gradient of expression in leaf tissue as well as in developing xylem. Rep-13 displayed
increasing Rep expression to 7DAI. Rep-14 and Rep-19 had Rep expression levels peaking at
5 DAI, while Rep-14 had no expression at 3 DAI, and peaked at 5 DAI, decreasing thereafter.
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Rep expression of Rep-20 and Rep-6 peaked at 3DAI and decreased after (Figure 15).
Because of similar Rep expression pattern with previous research [14], event Rep-19 was
selected as the mother line.

4.3.2 INPACT in poplar failed to produce recombinant proteins to levels
comparable with traditional overexpression systems
The Alc-Rep 19 mother line was transformed with split-35S-GUS or split-CesA8-GUS
construct to generate INPACT-35S-GUS or INPACT-CesA8-GUS lines in tissue culture. Seven
INPACT-35S-GUS events and three INPACT-CesA8-GUS events were generated. Four 35SGUS events and three CesA8-GUS traditional overexpression events, positive controls, were
generated along with the INPACT lines. Each event was propagated into multiple plants in
tissue culture and grown in greenhouse for two months. The events were induced with a
1% ethanol leaf spray and root drench. Leaf tissue and developing xylem were collected
before ethanol induction, and post induction samples were collected at 5, 7, 9, and 11 DAI
and were assessed for GUS activity. The results showed large variation in GUS activity
among traditional expression events. Two 35S-GUS events (35S-GUS-2; 35S-GUS-4) had
high GUS expression in both leaf and developing xylem compared to other three 35S-GUS
events. 35S-GUS-3 and -5 events had similar activity with WT. All three CesA8-GUS events
had high GUS expression level in developing xylem and much lower expression in leaf tissue
(Figure 16a). None of the INPACT-35S-GUS events showed any GUS expression. Low GUS
expression levels were seen in the developing xylem of INPACT-CesA8-GUS events before
and after ethanol induction. However, similar GUS expressions were displayed from an
event at all time points before and after ethanol induction. Compared to CesA8-GUS positive
controls, INPACT-CesA8-GUS had much lower GUS expression (Figure 16b).
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Figure 15. Rep transcript abundance after ethanol induction in five Alc-Rep events
that had no detectable Rep expression prior to induction.
Relative expression of Rep in leaf (3, 5, and 7 DAI) and developing xylem (7DAI) was
measured by qPCR using EF1b as the internal control. Three individual plants per event
were analyzed. Error bars are standard error.
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Figure 16. GUS activity in leaf and developing xylem tissue of transgenic events and
WT.
GUS activity in leaf and developing xylem of traditional (35S-GUS, CesA8-GUS)
overexpression events (a); GUS activity in developing xylem of INPACT-CesA8-GUS
events before and after ethanol induction (b). Three individual plants per event were
analyzed. Error bars are standard error.
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The formation and abundance of circular episomes were detected through PCR
using a set of primers displayed in Figure 14a. Amplification of GUS gene using the GUS
primers in Table 10 can be processed in traditional overexpression lines; and can only be
processed when circular episomes are formed in INPACT lines. DNA extracted from
developing xylem of INPACT-CesA8-GUS-3 at 9 and 11DAI along with developing xylem
from a CesA8-GUS event and WT. A thick band at 2kb from CesA8-GUS samples suggested
the primer set could amplify gene of GUS (Figure 17). Only a very faint band showed at one
of samples at 11DAI of INPACT-CesA8-GUS-3 lines (Figure 17). The PCR result suggested
very low amounts of episomes were formed in INPACT-CesA8-GUS lines after ethanol
induction.
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Figure 17. Formation of circular episome as detected by PCR.
Episome was detected by PCR of genomic DNA of INPACT-CesA8-GUS- 3 events at 9
and 11 DAI along with a CesA8-GUS events and WT. The primers used in the PCR are
showed in Figure 14a and Table 10. Three samples of INPACT-CesA8-GUS- 3 events at
9 or 11 DAI were tested. The faint band pointed by a red arrow was the only band
showed in INPACT samples.

122

4.4 Discussion
Traditional overexpression systems have been successfully used in planta to
produce a variety of recombinant proteins including pharmaceutical molecules, such as
Hepatitis B antibody and human intrinsic factor [22]. Plant-based protein production is an
attractive alternative to microorganism production systems due to large-scale availability
(lower capital costs) and compatible eukaryotic post-translational modification. However, it
is still technically challenging to effectively produce recombinant proteins in plants for the
following reasons: (1) Some foreign proteins interfere with plant metabolism and interact
with molecules in plant cells, and overexpression of them in planta could hinder plant
growth and development; and (2) low expression level due to low protein synthesis, and
unstable final protein products during accumulation in plant cells [23]. Detrimental effects
of foreign protein could be prevented by inducible expression systems, designed to trigger
expression at a specific desired time. High protein expression could be achieved using
subcellular targeting or advanced in planta expression systems, for example, plant viral
vectors [24]. INPACT, combining both the ethanol induction system and plant viral vectors,
has been confirmed in tobacco to highly express GUS and human vitronectin [14,15].
Besides tobacco, stable expression of INPACT has not been reported in other plant species.
This project generated transgenic poplar lines harboring the INPACT system and evaluated
the capacity of INPACT in poplar to drive the expression of a reporter gene under the
control of both the 35S and the CesA8 promoters.

4.4.1 The ethanol inducible system effectively induced gene expression in
poplar
There are a variety of inducible expression systems available for use in plants using
multiple inducers, such as dexamethasone, 17-β-oestradiol estrogen, methoxyfenozide,
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Tetracylcine, and ethanol [25]. However, most of potential inducers will not be useful in the
field because of high costs and toxicity. The ethanol inducible AlcR-AlcA system holds
potential for field scale application because ethanol is relatively inexpensive, biodegradable,
and non-toxic. The AlcR-AlcA system has been used in several plant species including
tobacco, Arabidopsis, potato, and oilseed rape [26-28]. It is worth noting that AlcR-AlcA
system has been utilized in tobacco to successfully express a cellulase, which is destructive
to the plant cell wall [11].
A previous study used the AlcR-AlcA system in hybrid poplar to successfully induce
expression of GUS [29]. In the current study, we had similar positive results confirming the
use of the AlcR-AlcA system in poplar showing that it can drive the expression of the
replication initiation protein (Rep) after ethanol induction. The resulting Rep expression
varied greatly among transgenic lines, indicating differences in ethanol induction efficiency
might be due to the location of the Alc-Rep cassette in the poplar genome, or perhaps due to
a variation in copy number which was not assessed. The location of transgenes in the plant
genome has been reported to affect expression efficiency of the transgene [30]. In the
mother lines developed here, Rep transcripts were found in both the developing xylem and
leaf tissue, suggested that AlcR could drive GOI expression throughout the plant. In contrast
with previous research, leaky expression of Rep was seen in most transgenic lines [11,27].
Anaerobic metabolism in roots producing pyruvate, methane, and ethanol could trigger the
AlcR-AlcA system and result in leaking expression [31,32]. Therefore, to prevent leaky
expression in transgenic plants harboring the AlcR-AlcA system, careful environment
management and extra care of plants are necessary. At the same time, alternative inducible
systems should be designed and tested in plants.
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4.4.2 Extreme protein expression was absent in INPACT poplar lines
Low or undetectable GUS expression levels were found in INPACT-CesA8-GUS or
INPACT-35S-GUS poplar lines, contrasting with previous research. In Nicotiana
benthamiana, INPACT was shown to produce hyperexpression of recombinant proteins
[14,15]. GUS expression in the developing xylem of the INPACT-CesA8-GUS-5 lines indicated
that GUS amplicon has been formed, although the band seen was extremely faint. PCR
amplification of GUS in INPACT lines suggested few copies of the episome containing the
GUS gene were generated.
Mastrevirus vectors have been applied previous for high-level expression of
recombinant proteins in plant cells. Most previous studies delivered the virus-derived
system using transient expression of the gene of interest, and the mastrevirus cis- element,
along with the Rep/RepA gene into the plant nucleus [33,10,34]. Plant transient expression
approaches including Agrobacterium-mediated infiltration and particle bombardment
deliver copies of gene cassettes into the nucleus without requiring integration into the plant
genome [35]. One of the advantages of utilizing transient expression systems to deliver the
mastrevirus vector platform is accessibility of Rep/RepA protein to the LIR because there
exist multiple “free” copies of a desired gene flanked with the LIR in the nucleus as
suggested by non-integrated T-DNA copies present in the nucleus in transient plant
expression system [35]. Herein, the LIR was integrated into the plant genome of the INPACT
poplar lines, limiting the accessibility of Rep/RepA and leading to failure of replication
initiation of the split-GUS cassette, thereby limiting the formation of the required episomes
for high level replication and transcription. Accessibility of Rep to the LIR might largely
depend on the location of split-GUS transgene in plant genome. Because limited numbers of
INPACT transgenic lines were regenerated, it is inconclusive to decide compatibility of
INPACT platform in poplar based on this data alone.
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To determine whether the location of the LIR in the plant genome is hindering the
successful application of INPACT in poplar, the split-GUS construct could be transferred into
the mother line through the transient expression system. Through detection of GUS
expression level in these combined stable (Alc-Rep) and transient (split gene) lines, the
compatibility of INPACT in poplar could be re-evaluated.

4.5 Conclusion
INPACT technology holds potential for inducible, hyperexpression of recombinant
proteins in planta. However, to date it has only been confirmed in tobacco [14, 15]. The
research evaluated the current INPACT platform in poplar and did not obtain high
expression of the reporter gene as expected. Two cassettes in INPACT, Alc-Rep and the split
gene, were assessed for their feasibility in this study. The AlcR-AlcA system successfully
induced expression of the Rep/RepA gene, even though leaky expression before induction
was found in some events. The expected circular episomes derived from split gene cassette
were not detected from INPACT lines, or were detected at extremely low levels, possibly
due to limited accessibility of Rep/RepA to the LIR at split gene cassette. To re-evaluate the
viability of INPACT in poplar, split gene cassettes will be transient filtrated into the mother
line in near future. In addition, modifications of the current INPACT system may be required
to improve performance of the system in a larger range of plant species. Alternative
inducible systems should be considered to obtained stricter control and higher efficiency.
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Chapter 5. Discussion
Commercial proteins have traditionally been produced from microorganisms and
mammal cell lines. While this has proved successful, some disadvantages of these
conventional protein expression platforms include limited scale-up ability, high costs, and
risk of contamination. As a result there is a movement towards novel substitutes. Plantbased expression platforms are a serious competitor to conventional protein-production
systems in part due to the potential large-scale production [1]. For example, corn seedderived avidin, a biotin binding protein produced from egg, has been commercialized in the
market [2]. It is estimated that 100kg of maize seed could produce 20 kg avidin, a similar
yield achieved from 900kg of eggs, and at only 0.5% the cost [3,4]. Another potential benefit
of the plant molecular biofactory is easy downstream processing with low costs. Some
proteins expressed in planta could directly be used without processing. For example, plantproduced subunit vaccines could be directly consumed from raw vegetables, therefore
reducing cost of downstream processing [5]. Feeding non-obese diabetic mice with potato
tubers expressing insulin has been reported to substantially reduce pancreatic islet
inflammation and delay the progression of clinical diabetes [6]. Despite the fact that current
protein expression systems do not achieve high levels in planta, commonly only at levels
0.1%-0.2% TSP of recombinant proteins, this expression level still holds potential to
overcome conventional microbe or mammal cell culture for large-scale production of highvalue molecules [1].
An example of enzymes that could be successfully produced in plants includes cell
wall degrading enzymes necessary for the production of biofuels. Plant-produced cellulases
could be extracted from the plant host without requiring fine purification approaches.
Moreover, utilizing lignocellulosic feedstocks to produce the cellulases required to break
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down the biomass would provide added benefits, as the plant host can serve both cellulosic
substrate and cellulase provider [7]. In an ideal situation, where the enzyme-expressing
feedstock can satisfy both the diversity and amount of required cell wall degrading
enzymes, the costs of enzyme production, processing, and transport could be significantly
reduced and even omitted. Considerable reduction in the cost of cellulase enzymes is key to
making lignocellulosic ethanol economically competitive with corn-based ethanol [8]. The
effect of in planta expression of cell wall hydrolases on cell wall composition and structure
has been previously studied. A more easily digested cell wall structure has been reported in
many of these studies [9-11]
While there is great potential for the expression of cell wall degrading enzymes in
feedstocks, there are a number of challenges that remain. One of these challenges is
evidence that the expression of cell wall degrading enzymes has detrimental effects on plant
hosts as these enzymes can hydrolyze components in cell wall during growth. Previous
studies report that in planta recombinant cell wall degrading enzymes hindered growth and
development resulting in negative phenotypic changes including leaf depigmentation, dwarf
stems, delayed flowering, and sterilized seeds [12-14]
Using hyperthermophilic hydrolases could prevent negative impacts from the
expression of recombinant enzymes and holds the potential to allow simultaneous
pretreatment and saccharification without the addition of commercial cellulases [15].

5.1 In planta expression of cell wall degrading enzymes improves
saccharification efficiency of plant biomass
In the work included herein, two cell wall degrading enzymes were overexpressed
in hybrid poplar, a promising lignocellulosic feedstock for ethanol production. A
hyperthermophilic endoglucanase, TnCelB, was successfully produced from poplar through
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a conventional overexpression system. Poplar-derived TnCelB retained its original
hyperthermophilic activities and in the highest expressing line improved glucose release by
enzymatic hydrolysis. TnCelB-overexpressing poplar had altered cell wall composition and
cellulose structure compared to WT, with the highest expressing line having reduced lignin
and decreased cellulose crystallinity, resulting in higher saccharification efficiencies relative
to that of WT. Post-harvest heat activation of in planta TnCelB in transgenic events with
moderate TnCelB expressions also improved enzymatic hydrolysis efficiencies. The results
suggested autohydrolysis could be achieved by activated in planta glycosyl hydrolases.
Enhanced saccharification efficiency has also been reported from endoglucanases
producing transgenic plants [16-18]. Contrary to previous work, some level of enzymatic
activity of TnCelB was detected at ambient temperature from the transgenic poplar line
with the highest expression level. Resultant changes of phenotypic growth, cell wall
composition, and cellulose structure on the transgenic line were not seen from previous
researches.
The second enzyme that was expressed in poplar, non-hydrolytic swollenin, also
resulted in plants with a more easily digested cell wall structure as indicated by improved
saccharification efficiency. The transgenic lines with highest Swo expression had
dehydrated apical meristem. Adverse phenotypic growth has also been observed from
plastid-Swo-overexpressing tobacco, which showed depigmentation [19]. These two case
studies support the potential for overexpressing cell wall degrading enzymes in planta to
improve cell wall structure and potential additional benefits of utilizing enzymeoverexpressing feedstock for ethanol production.
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5.2 An inducible, hyperexpression platform was evaluated in poplar
for in planta overexpression of recombinant proteins
Constant high-level accumulation of TnCelB in planta compromised plant growth
and development, similar to other reports. Negative phenotypic effects were not observed
in events with moderate expression. Therefore, compromised phenotypic growth could be
due to constant accumulation of abundant cell wall degrading enzymes at the apoplast
interfering cell wall polymer synthesis and deposition. In an effort to reduce cell wall
crystallinity without impacting deposition, a non-hydrolytic enzyme, swollenin, was
expressed in hybrid poplar. Previous research reported that T. reesei Swo disrupted
cellulosic substrates through non-hydrolytic activities [20,21]. However, our results showed
that even moderate Swo expression in poplar could impair the hosts’ growth.
As discussed above, the constitutive expression of either the hydrolytic
endoglucanase TnCelB or the non-hydrolytic Swo caused dehydrated apical meristems.
Therefore, constitutive overexpression was not suitable for high-level production of these
cell wall degrading enzymes. Inducible expression systems have advantages over
conventional constitutive expression systems to be applied on in planta production of
cellulosic hydrolytic/ non-hydrolytic enzymes.
To achieve high levels of production of enzymes of interest in feedstocks at desired
time points, inducible and high-level expression should be both be satisfied. A novel
technology, In Plant ACTivation (INPACT), has been confirmed in tobacco to drive
hyperexpression of gene of interest after ethanol induction [22,23]. INPACT combines the
AlcR-AlcA inducible promoter system with the mastrevirus replication machinery for
hyperexpression. To avoid leaky expression of desired proteins, genes of interest are split
and arranged in the way of 3’ end is upstream of 5’ end. A split gene cassette is flanked by
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long intergenic regions (LIR) [24] which allow for the induction of a replication initiation
protein to start the replication and resultant translation of the gene of interest. Here we
evaluated INPACT in poplar. The AlcR-AlcA ethanol induction system successfully triggered
expression of the replication initiation protein (Rep) after ethanol induction. However,
hyperexpression of GUS reporter protein was absent from INPACT transgenic events.
Formation of circular episomes was detected by PCR of GUS gene from INPACT lines. The
results showed low or undetectable copies of episomes in INPACT lines after ethanol
induction. Since the circular episome formation requires binding of Rep/RepA on LIR, the
low expression of GUS could due to inefficient binding between Rep/RepA on LIR, which
could be explained by hidden location of split gene cassette and LIR in plant genome and
resulting inaccessible of Rep/RepA to LIR.
To improve low expression of desired protein, transient expression systems could
be applied to deliver split gene cassettes in plant cells. Theoretically, having more copies of
the LIR exposed to Rep could increase replication efficiency of the gene of interest. However
transient expression systems are limited by small-scale application and expensive
operation. Stable transformation of an inducible hyperexpression platform into
lignocellulosic feedstocks is still worthy of future exploration for in planta production of cell
wall degrading enzymes.

5.3 Future directions
To further explore the challenges mentioned in the work presented above, transient
infiltration of the split construct into the mother line will be conducted to test initiation of
replication machinery of INPACT in poplar. To take full advantage of INPACT technology,
stable transgenic plants harboring the INPACT elements are necessary. Therefore, current
INPACT technology needs to be modified. To achieve stricter control, the gene of interest
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could be driven by the alcA promoter, however this removes the hyperexpression aspect
that is attractive in INPACT. To address this issue, different plant virus replication elements
could be utilized in combination with AlcR-AlcA ethanol induction system to achieve high
level inducible expression of recombinant proteins, as showed in a previous study [25].
To significantly improve efficiency of lignocellulosic ethanol production, the cell
wall degrading enzymes expressed in biomass should be chosen wisely according to the
downstream pretreatment. For instance, in planta enzymes that can endure high
temperatures and acid environments will be required for simultaneous processing in a
mild-acid pretreatment with enzymatic hydrolysis, Enzymes activated by organic solvents
would be necessary for simultaneous processing by ionic liquid pretreatment and enzymatic
hydrolysis. Exploring new cell wall degrading enzymes or engineering existing enzymes are
important areas of research to accelerate the lignocellulosic ethanol production process.
Together with modifying lignocellulosic biomass, adjustment of down-stream processing
approaches including pretreatment, saccharification, and fermentation are essential to
tailor the advantages brought by modified biomass. Therefore, closer cooperation between
the various areas of research, including molecular biology and chemical engineering, is
crucial to reach the common goal of reducing the cost of lignocellulosic ethanol.

5.3.1 Future study of transgenic feedstock
For transgenic plants with potential commercial values, it is challenging to assess
the actual worth since most studies were conducted in the greenhouse. Capability of these
transgenic events to grow in agricultural/forest environments have not been studied to the
same extent. These environments differ greatly from that of greenhouses where controlled
conditions, including pest and pathogen exclusion are present. Adaptability of transgenic
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plants to various environmental factors, including temperature, moisture, and soil microbes
are all areas that would be useful to further assess.
Soil microbes and the interaction of microbes with plants may prove significant in
the quest to produce improved feedstocks for biofuels production. Soil microbes have been
reported to be influence lignin contents of barley [26]. Feedstocks with modified cell wall
structure are more likely influenced by soil microbes due to changes in the cell wall, which
is physical barrier to plant pathogens. Alteration of cell wall composition or structure may
impair plant defense to soil-pathogens because modified cell structure could be easier to be
degraded by hydrolytic microbes. For instance, transgenic rice with lower lignin had
reduced resistance to bacterial Xanthomonas oryzae [27] On the other hand, altered
metabolites due to modified cell wall could trigger plant defense, and therefore enhance
innate plant resistance to pathogens. For example, transgenic Arabidopsis with decreased
acetylation has increased resistance to powdery mildew fungi [28]. As more studies
generate transgenic feedstocks in the future, pathogen resistance should be one of the
criteria to evaluate modified feedstock for commercial uses.
In addition to the impact of biotic stress on transgenic feedstocks, abiotic factors
such as temperature, moisture, and light intensity are also factors that have not been fully
studied. As CO2 concentration and earth temperatures continue to rise, it is challenging for
plants to adapt to this changing environment. Estimation of adaptability of transgenic plants
to high CO2 concentrations and warmer environments will be valuable for large-scale
plantations in the future,
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Appendix
Table 12: List of transgenic lines in thesis
Name

Construct

Hybrid poplar

Number
of events

Relevant
thesis chapter

35S-TnCelB

CaMV-TnCelBnos/pCambia1300

Populus alba ×
grandidentata (WT)

4

2

35S-SWO

CaMV-SWOnos/pCambia2300

Populus tremula ×
alba (WT)

4

3

SCSV-SWO

SCSV-SWOnos/pCambia2300

Populus tremula ×
alba (WT)

3

3

Alc-Rep

CaMV-AlcR-AlcARep/PCambia2300

Populus alba ×
grandidentata (WT)

17

4

INPACT35S-GUS

Split-35SGUS/pCambia1300

Alc-Rep (mother line)

3

4

INPACTCesA8-GUS

Split-CesA8GUS/pCambia1300

Alc-Rep (mother line)

3

4

35S-GUS

CaMV-GUSPopulus alba ×
Tnos/pCambia2300 grandidentata (WT)

5

4

CesA8-GUS

CesA8-GUSPopulus alba ×
Tnos/pCambia2300 grandidentata (WT)

3

4
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